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PREFACE 


This volume constitutes the seventy-sixth issue in the series of 
Transactions of the Institute, of which the first was printed in 1ST3. 
In general form and arrangement it follows the plan of its predecessors 
but in content it is less inclusive, marking in that particular a further step 
toward diversification of publications to correspond with specialization 
of members. In addition to the annual volume of Transactions and 
the Yearbook which contains the list of members, committee assign- 
ments, constitution and similar data, the Institute now furnishes annually 
three volumes each reporting on the acthities of one of its professional 
divisions, the third in this series having been established within the year. 
For the year 1928 these volumes were as below. 

Petsoleum Development and Technology in 1927. S44 pp., including the 
papers read before the Petroleum Division at the Fort Worth, Texas, meet- 
ing of Oct. 19-20, 1927, and at New York, Feb. 20-23, 192S. This volume 
was issued in June, 1928. 

Proceedings of the Institute op Metals Dwision. 836 pp., including papers 
read before the Division at Detroit, Sept. 19-24, 1927, and New York, 
Feb. 20-23, 1928. It was issued in August. 

Iron and Steel Technology in 1928. 353 pp., being the record of the year’s work 
of the Iron and Steel Division and including papers read at New York, 
Feb. 20-23, and a paper presented before the Institute of Metals Division 
and the American Society for Steel Treating in joint session at Philadelphia 
Oct. 10, 1928. Issued in December. 

Aside from the Division volumes listed above, the Institute now issues 
a series of Technical Puhlications in the form of unbound pamphlets 
arranged in eleven series according to subject. A complete list of those 
issued in 1928 will be found on page 689 of this volume. From time to 
time the papers in any one series or on one subject are grouped and 
published as a special volume under the auspices of one of the technical 
committees. One such volume, on flotation, was issued in 1928, and a 
second, on geophysical prospecting, will be issued in January, 1929. The 
first-named volume was: 

Flotation Practice. 257 pp., issued tmder the auspices of the Milling Com- 
mittee and including papers presented and discussions at meetings held at 
Salt Lake City, August, 1927, and New York, February, 1928. Issued in 
November. 

In view of the wide distribution of the material in these special 
volumes to those immediately concerned, and the availability of most of 
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* h- paraFi* in tlip series of Technical Publicaiio)i 8 ^ the Papers and 

(hiiiiiiftiee has thought it unnecessary except in a very few 
u\ repriin papers from these volumes in the Transactions. 
ih:> f^piiiirjn the Board of Directors has concurred and accordingly 
i«*c'iiinea! papers and discussions in this volume are almost entirely 
h. field.- Jii it eovercal by the special volumes indicated. In order, however, 
!o ihriliiatr* ready finding of any paper published by the Institute within 
the year, a comprehensive index has been prepared and is printed at the 
iiaek of this volume. In it will be found reference to every paper printed 
wit hill till* year in any form except a few of which a limited edition was 
preprinted for use at some meeting and which are being held for later 
formal publication with discussion. Attention is especially called to the 
fact tliat articles and abstracts in Mining and Metallurgy are included 
111 this iiidtex, Since all papers issued by the Institute are abstracted 
in Mining and IMetallurgy and the latter is sent to all members, this 
will make it possible easily to find out the character and content of 
any papcT. 

In view of the fact that full accounts of all meetings are printed 
in l\IiNiNG AND Metallurgy it is not considered necessary to review in 
this volume the meetings themselves, and the reports already printed 
are cited instead. For the same reason obituaries are not reprinted here, 
as has sometinM‘S been done in the past. These various changes in plan 
of publication have made it possible, without increasing the total expense, 
to publish and distribute to members of the Institute a much larger 
volume of papers than at any time in the past, to bring publication fully 
current, and to furnish in this volume a comprehensive index of all the 
publications of 1928 within the first month of the succeeding year. 

H. Foster Bain. 

Secretary. 
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Xecrologv 

O Xf 
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The Latouche System of Alining as Developed at the Beatson 
Mine, Kennecott Copper Corporation, Latouche, Alaska 

By Be Van Presley,^ Latouche, Alaska 
(N ew York Meeting, February, 192S‘; 


Thebe has been developed at Latouche a rather unusual system 
of m ini n g which, for want of a better name, has been called the “Latouche 
system of mining." It is a modified form of shrinkage sloping applicable 
to orebodies of large or fairly large size where the ground is such that 
timbering would not be required in sloping. Mention has been made of 
this method of mining by Birch, ^ who gave no details as it had been in 
use only a short time and the final outcome undetermined. The system, 
however, has proved to be entirely successful and it is thought that a 
paper covering it might be of general interest. 

Before proceeding with a detailed description of the Latouche 
system a brief description of the property and the various raining 
methods previously used will be given. 

Location 

The Beatson mine of the Kennecott Copper Corpn. is situated on the 
west coast of Latouche Island, in Prince William Sound, Southwestern 
Alaska, 45 miles east of Seward, the coast terminus of the U. S. Govern- 
ment Bailroad. It is a regular port of call for ships on the Southwestern 
Alaska run. The idand is about 12 miles long and 3 miles wide. A ridge 
of mountains runs the entire length with a maximum elevation of 2500 feet. 

Climate 

Latouche has to contend with posdbly the greatest amount of precipi- 
tation on the North American continent. The annual average precipita- 
tion for the past 4 years has been 188 in., with 248 in. for the year 1926. 
A rainfall of 4 in. per day is not uncommon. In the winter the thermom- 
eter rarely falls below +20° F. and the snowfall is usually heavy during 
the months of March and April. 


* General Superintendent, Latouche plant, Kennecott Copper Corpn. 

1 S. Birch (Preddent, Kennecott Copper Corpn., New York, N. Y.): Geology and 
Mining Methods of Beatson Mine. Trang. (1925) 72, 147. 
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Mixing Methobs 

The mine has produced to Jan. 1, 1927, 4,078,000 tons of ore, with 
an additional 593,000 tons broken and remaining in the stopes on this 
date. The total tonnage produced from the various methods of mining 


is as follows; 

Tokh 

Bluff mining (glory-liole) 2,101,272 

Small shrinkage stopes !9.5,27.3 

Square set stopes 34,000 

Latouche method 1,687,455* 


Total 4,078,000 


• Includes ore from development. 

Previous to 1923 most of the ore came from bluff or glory-hole mining, 
small shrinkage stopes aboire the bluff level and small square-set stopes 
in the higher grade ore along the hanging wall above the main level. 
Since January, 1923, practically all the ore produced has been derived 
from the Latouche system. 


Square-set Stopes 

There are no data available on the square-set mining. Xo doubt 
trouble was encountered, for in 1920 all these stopes were caved and filled 
with a mixture of ore and waste. They were not carried more than four 
floors in height, and about 30 ft. of ore remained between the back of the 
stoiies and the surface. All this ore, however, is being reclaimed, the 
copper tenor being sufficiently great to carry the waste with which it 
is mixed. 

Small Shrinkage Stopes 

A group of small shrinki^ stopes was opened up from the bluff level, 
the broken ore being transferred through long raises to the main level for 
tramming. In ordertommethisorebyordinaryshrinkage-stope methods 
the stopes had to be carried small, due to the treacherous nature of the 
ground. As a result, their production was slow and the cost excessive. 

Bluff or Glvry-hole Mining 

This method is essentially the same as is practiced elsewhere. Chute 
raises were driven from the main level to intermediate levels which varied 
in elevation above the main in. different parts of the mine from 40 to 
100 ft. A grizzly was installed on the intermediate level and a raise 
driven on through to the surface of the bluff. These raises, in some 
instances, were 100 ft. in length, above the grizzlies, and before the 
surrounding ore could be broken into them the raises had to be enlarged or 
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ricriour: hiing-up^ would occur. The enlarging process was started in a 
raise at .-out 10 ft. above Ihe grizzly and the raise enlarged to 10 or 12 ft. in 
diainetfT, This was done by using a stoper drill and working up on the 
broken rock. The ground had such a tendency to cave, due to the 
nunjcrous slips and schist belts as mentioned above, that even with an 
opening of 10 to 12 ft. in diameter the work was hazardous and many 
serious accidents resulted. To avoid the danger involved in the use of a 
atoper operated from the broken rock pile with unsafe ground overhead, 
a .staging was placed in the raise and from this, using a jackhammer type 
*)f machine, fiat holes were drilled into the walls of the raise. This 
solved the problem. Later, in order to drill longer holes, a small bench 
or station wa.^ cut in the raise and steel up to 15 ft. in length was used 
with more ground put on the holes. Eventually it was found that these 
raises could be carried up 30 ft. in diameter and that the vertical distance 
between the benches could be increased up to 20 feet. 

This method of mining, by the enlargement of raises, proved to be 
very advantageous. The tonnage broken per machine drill shift or per 
labor shift employed was much higher than obtained in the regular glory- 
hole or open-pit mining. The powder consumption per ton of ore broken 
wjis also considerably less. It was, therefore, decided to utilize this 
scheme, if possible, in mining the ore below the main level which had to be 
extracted by some underground method. 

The “Latouche mining method,” described in detail below, was 
finally evolved. 

“Latoxtche Miming Method” — Detailed Descbiption 
Blocking Out Slopes and Pillars 

As the extent and the outline of the orebody on the main level was 
definitely known, alternate stopes and piUars were laid out in plan across 
the general strike of the ore, the width of each stope being 70 ft., and each 
pillar 30 ft. The length of the stopes and pillars varied from foot to 
hanging depending on the width of the orebody, the smallest stope being 
70 ft. in length and the largest 290 ft. in length. (Fig. 2.) 

Preliminary Development 

The preliminary development work such as main haulage ways, 
pumping stations, sumps, ventilation system, etc., will not be touched 
upon in detail in this article as these follow general practice and present 
no features of unusual interest. The cost of all this work, however, is 
included in the ultimate cost of the ore derived from the system of 
mining outlined herein. 

Stope Development 

In order to prepare the stopes and pillars for mining operations, to carry 
on actual mining, bulldoze broken ore, and tnun to shaft, under this 
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system of mining it is necessary to develop three h 
From which actual mining is carried on: an 


•vels: an upper level 
ate level from which 


Fig, 2. — Flax of main or mixing level showing outline op osebodt with 
ALTERNATE 70-PT. STORES AND 30-FT. PILLARS LAID OUT ACROSS THE STRIKE. No 
STOPE DEVELOPMENT WORK HAS BEEN DONE. WORKINGS SHOWN WERE USED IN 
CONNECTION WTTH BLUFF MINING. 


Fig. 3. — Plan op main or mining level showing outline or stopes as bunbd. 
Also stops development and stopb preparation work as completed. /. Pillar 
CT iosscuTs. X. Approaches to mining raises. /. Mining raises. 


the stopes are prepared and undercut and later used as a grizzly level; 
and a lower level for haulage. These will be referred to hereafter as the 
mining level, the grizzly level and the haulage level. 
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The grizzl}" level was laid out 150 ft. below the r^iining level. Tliis 
level consists of a 5 by 7 fi. flrift M driven w<*H into the foot wall, and 
5 })y 7 ft. crosscuts evcoy 100 ft., the<(- ern-^euts ijeing laid out so 
that they run along the center line of t^ueh Later on grizzly 

chambers (C; are cut on either >ide of i hesc cro:r<curs. .Figs. 4 and 5.) 

The haulage level was laid out 50 ft. below the grizzly level. A 
hanging wall drift and a footwall drift .V.-. v by 7;'o ft.;, were driven, 
with S by 7J^ ft. crosscuts at 100-fr, intervals. The haulage cross- 



Fig. 5. — Phantom perspectwe of a stope and pillae showing all stope develop- 
ment AND STOPE PREPAEATION WORE COMPLETED. 

A, Chutes. H. Undercutting raises. 

B, Forked chute raises. /. Mining raises. 

C, Grizzly chambers. J. Pillar crosscuts raining level. 

D, Grizzly chamber approaches. K. Approaches to mining raises. 

B. Crosscut on grizzly level. L. Footwall drift mining level. 

F. Raises to stope, M. Footwall drift grizzly level. 

G, Undercutting raises. X. Footwall drift haulage level. 

O. Haulage crosscut haulage level. 

cuts were driven on the same bearing as the crosscuts on the grizdy 
level, but not vertically below% being offset 10 ft. to enable forked chute 
raises being driven later to serve two grizzlies on the level above. 
(See Figs. 5 and 6.) 

After these three levels have been developed to this extent the orb is 
practically blocked out, apd for convenience in laying out preparatory 
work vertical cross-sections normal to the strike of the ore are made, two 
for each stope and one for each pillar. For the stopes the sections are 
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marwf ia a plane 15 ft. in from each pillar and in the case of the pillars 
through the center. These planes are selected for the reason that center 
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lines of the grizzlies, undercutting raises, and mining raises when driven 
will all lie within them. 
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Slope PreparaV.OTt. 

After the stope development work has been completedj stope prepara- 
tion work is laid out for each stope and pillar. The fir-st step is to lay 
out the grizzly chamljcrs 'X ;. These are 24 ft. long by about S ft. wide 
and 7}^ ft. high. The loagituiiinal center line of the stope grizzlies 
is 15 ft. in from the pillar line on either sifie of the stope or 20 ft. on either 
side of the center of the crosscuts on the grizzly level. Tire pillar grizzlies 
(X) are along the center line of the pillar or 50 ft. from the center line of 
the grizzly level crosscuts. In the stopes there are two lines of grizzlies;” 
in the pillars, one line. These grizzlh'S are spaced from footwa'ii to hang- 
ing wall at intervals of from 60 to 75 ft. center to center, although in some 
instances it is necessarj' to space them closer together to serve properij- 
the stope or pillar. The grizzly nearest the footwall is laid out so that its 
footwall point of draw coincides with the footwall or slightly into the 
footwall of the stope. As the orebody dips at GO' to 70° the hanging wall 
grizzlies are located 70 to SO ft. from the hanging wall of the ore. (See 
plan of grizzly level, Fig. 4.; 

The chutes (A) are then laid out ou the haulage level; one chute 
serving two stope grizzlies, one on either side of the crosscut above. 
The pillar chutes are located on the opposite side of the haulage crosscuts 
and serve only one grizzly. (See Fig. 6.) 

In driving the work outlined above, the usual procedure is to cut out 
for and install the chutes on the haulage level and drive the chute raises 
to the grizzly level above. While this is being done the approaches (D) 
to the grizzly chambem on grizzly level are driven. After the chute 
raises have holed through to the grizzly approaches, the grizzly chambers 
are cut. The chambers could be cut previous to this, but if delayed until 
the chute raises are through considerable expense is saved in disposing of 
the muck from the grizzly chamber cutouts. 

The grizzlies themselves may now be installed, although this is not 
essential at this time and may be postponed until the stope is ready for 
undercutting. In any event the chute raise is belled out to the extent 
required for a grizzly. (See grizzly details, Hg. 7.) 

From the end of each grizzly chamber raises are driven. These 
raises are driven at an angle of 40° with the horizontal and their center 
line lies in a plane parallel with the pillar and 15 ft. from it. The first 
12 ft. of these raises are driven by 4:}4 ft- in section and thereafter 
5 by 5 ft. The smaller section raise (F) is called the “raise to stope” 
(as this is not undercut later), and the remaining portion “undercutting 
raise ” (.0). In dri’ving these raises the hanging wall raise from one grizzly 
will connect with the footwall raise of the grizzly chamber next to it, 
and all the grizzly chambers in one line thus connected. The undercut- 
ting raises on the footwaU are driven a few feet past the ore limits while 
those on the hanging wall are stoped when the han^ng wall is reached. 
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After these uiicloreutting raises are driven another series of under- 
cutting raises -H) is driven back over the grizzly chambers. These raises 
are started from the first raises driven (at a point 12 to 15 ft. up) at an 
angle of 40' with the horizontal and with their center line in the same 
vertical plane as the first raises. These raises meet in an apex vertically 
above the center of each grizzly chamber. 

After the undercutting raises are completed the '^mining raises^^ (Z) 
are driven. These are 5 by 5 ft. raises making an angle of from 55® to 
70® with the horizontal depending upon the dip of the ore in the particu- 


PLAN VIEW 



lar stope or pillar. In the slopes the center lines of these raises are in the 
plane referred to above 15 ft. in and parallel with the pillar. In the 
pillars, the center lines of the mining raises lie in a vertical plane through 
the center of the piUar. The spacing of these raises from foot to hanging 
of the orebody is from 40 to 60 ft. center to center measured on the hori- 
zontal. The raises nearest the hanging wall are usually from 15 to 25 ft. 
in from the wall, while those on the foot are somewhat closer, 10 to 15 
ft. and in some instances right along the footwall. 

While the mining raises are bemg driven, approaches to them (K) 
are driven on the mining level. After the mining raises are connected 
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up with the mining level each raise is thoroughly barred down and ordi- 
nary wooden ladders made of rough 2 by 4 in. material with 1 by 4 in. 
treads are installed. As the mining raises are all driven accurately 
with respect to line and grade, the ladders can be put in without twists 
or bends. After the ladders are in place a 1 by 3 in. batten is nailed on 
top of the 2 by 4 in. piece on each side of the ladder. These act as 
guides for the small skip which is used in each raise for handling tools 
and supplies. As soon as the raise is to be used for either undercutting or 
mining a tugger hoist is installed either on a bar or on a timber at the top 
of the raise. 

The stope now has been completely prepared as shown in the phantom 
perspective, Fig. 5. There yet remains the undercutting before the 
stope is ready to be mined. 

Undercutting 

In the stopes, undercutting is accomplished by widening out laterally 
the undercutting raises from each grizzly until these break through in the 
center of the stope to the corresponding undercut from the raises on the 
grizzly opposite. On the pillar sides of the raises the widening out is 
carried on until the pillar line is reached. Undercutting is done with CC 
1 1 stope machines using 1 in. quarter octagon steel. Usually a temporary 
pillar, about 10 ft. through, running from apex to apex above each 
pair of opposite grizzlies is left. These pillars are drilled but not blasted 
imtil the remainder of the stope is completely undercut. They are 
blasted just previous to the start of mining operations and access to them 
is gained by coming down through the mining raises. This has been found 
to be a safer procedure than to attempt to undercut entirely a stope 
without leaving pillars. The undercutting operations are carried on 
from the grizzly level, one side of the grizzly always being kept open for 
access to the work. If for any reason, such as a large fall of ground from 
the back, this opening should be closed, the mining raises afford a means 
of exit to the level above. 

In undercutting the pillars, which is not done until the stope on each 
side has been completely mined, the undercutting raises are widened out 
10 ft. on either side of the center line. This leaves a 5-ft. longitudinal 
pillar between the broken ore in the stope and the pillar undercut. Usu- 
ally these pillars are neither drilled nor blasted for when minfri g starts 
the first round above the undercut in the pillar breaks through to the stope 
on either side and the stump of the piUar left serves to keep the pillar 
grizzlies from drawing ore from the stopes. 

The foregoing outlines the work necessary before the stopes and 
pillars are in readiness to mine. Table 1 gives the cost of stope prepara- 
tion, pillar preparation, stope development and preliminary development 
for opening up the entire orebody above the stope undercuts containing 
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2,003.259 tons of ore (estimated). This table shows the number of feet 
driven, average cost per foot, number of units (chutes and grizzlies), the 
average cost each, and the total amount expended for each item. Based 
on the estimated tonnage above the stope undercuts, this amounts to 29 c. 
per ton of ore. This is given in greater detail in Appendix A which gives 
each stope and pillar in detail. 


Table l—Coat of Stope Preparation, Pillar Preparation, Stope Develop- 
ment and Preliniinary Developmetit for Opening Up an Orehody Esti- 
mated to Contain 2,603,259 Tons 


^ ■ , 1 

1 Total Total Total | 

Feet Number' Amount 

Per 

Foot 

Cost 

Each 

Stope preparation: 

Chutes 

Chute raises 

Grizzly cutout 

Grizzly installation 

Grizzly level 

Raises to stope 

Mining raises 

Undercutting raises 

Undercutting (sq. ft.) 

Drifts and crosscuts 

Timbering 

Total 

: 1 

/ 22 
2,111 

950 ' 

: 42 

3,968 

1,732 

11,131 

3,992 

120,074 , 

1,991 , 

. 

$ 21,396.58 
18,466.49 
11,826.41 
24,979.00 
53,406.61 
15,371.97 
93,263.63 
27,815.71 
84,584.16 
21,635.06 
8,556.67 

$ 8.76 

12.46 

13.46 
8.88 
8.38 
6.97 
0.704 

10.87 

$972.57 

594.74 


381,301.29 



Pillar preparation: 

Chutes 

Chute raises 

Grizzly raises 

Grizzly cutout 

Grizzly installation 

Raises to stope 

Pillar mining raises 

Undercutting raises 

Undercutting (sq, ft.) 

Dnfts and crosscuts 

Timbering 

Prospect raises 

Total 

13 

791 

25 

270 

15 

280 : 

2,896 

2,089 

28,871 1 

2,060 . 

47 ; 

6,499.88 

6.623.85 
182.43 

3,764.32 

6.622.86 
2,544,18 

22,649.78 

15,142.03 

18,729,76 

22,589.00 

3,318.13 

448.63 

8.37 

7.30 

13.91 

9.09 

7.82 

7.26 

0.649 

10.97 

9.55 

499.99 

441.52 


109,104,85 



Prospect raises and crosscuts 

Ventilation raises 

Ventilation crosscut 

Stope development: 

PootwaJl drift 

South drift 

Crosscuts 

S. H. W. drift 

Miscellaneous drifts 

Total 

907 

11,473.71 

12,65 


323 

1 4,524.31 

14.01 


262 

2,648.29 

10.11 


624 

194 , 

2,882 

562 

981 

18,240.97 

1 6,200.43 

I 62.038.91 
! 13,888.70 

; 18,862.48 

29.23 
31.96 
21.53 
24.71 

19.23 



119,231.49 



Preliminary development: 

Sump and drainage 

New sinking hoist 

Ore pocket 

Main entry 

Aerial tram 

201 manway 

Total 

1 

1 

t 

1 

! 

41,453.92 
5,565.33 
24,880.00 
[ 18,979,27 

2,210.60 
11,338.45 

1 


i 

104.427.57 



Diamond drilling | 

i 



22,512.21 



Grand total j 



$755,223,72* 




♦ Based on esiamated tonnage this amounts to $0.29 per ton. 
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Costs 

In connection with the foregoing costs it might be w'ell at the outset 
to explain the Latouche system of cost-keeping. The cost on each 
individual working place is kept separately and to it charged not only the 
direct costs, but all indirect costs and its proper proportion of general 
mine charges. For instance, a raise being driven is charged with the 
actual cost of driving, such as labor and supplies; a proportion of machine 
drill expense which includes compressor operation, steel sharpening, 
repairs, etc.; cost of tramming and hoisting the ore or waste broken; 
and a proportion of the general mine expense which includes supervision, 
ventilation, drainage, etc. The cost then as shown for any particular 
working is the total cost. There are no undistributed mine charges. 
The mine work is divided into the following classifications: (1) Explora- 
tion, (2) development, (3) stope preparation, (4) ore production. The 
sum of the amounts spent on various exploration jobs would give the 
entire amount expended on exploration; the sum of the amounts spent on 
the various development jobs would give the entire amount spent on 
development and so on. The sum of the amounts spent for exploration, 
development, stope preparation and ore production, is the total mine cost. 

Ore production is split into three divisions: (1) “Breaking groimd,” 
(2) “ore through grizzlies,” and (3) “loading, tramming and hoisting.” 
Each division is charged with its proper direct charges and a proportion 
of the general mine expense, so that for any operation the total cost 
is shown. 

The costs given in this article are complete from the time of starting 
work on the “Latouche system of mining” until Jan. 1, 1927. On the 
latter date practically all development, stope preparation and under- 
cutting work had been completed for the entire orebody above the levels 
shown. The costs for these classes of work and the cost per ton of ore 
developed may be accepted as final. At the present writing mining in 
all the stopes and pillars has been completed and the ultimate cost of 
breaking ground (mining in stopes and pillars) per ton will be slightly less 
than shown herein as a portion of the ore which has caved above the 
mining level has not been credited as “tons broken.” 

Ore Production 
Mining Operations in Stopes 

After a stope is completely undercut, with the exception of the small 
pillars left across the grizzly apexes, the back of the stope is a series of 
more or less regular rills. If the rills are very solid it is necessary to drill 
them, more particularly in the footwall portion of the stope where mining 
operations are always started. To drill these rills, Bull Moose machines 
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are used and holes up to 20 ft. in length put in, with a slight downward 
slope, flat or even with a slight slope upward, as shown in Fig. 8 by holes 
numbered 1. These holes are blasted at the same time that the small 



Fig. 8.— Noeth section of 202 stope, all peeparation work completed and 

STOPE ENTIRELY UNDERCUT. RoUNDS DRILLED DURING THE FIRST 2 MONTHS MINING 

SHOWN. Numbers indicate order op blasting the rounds. Holes for enlarg- 
ing MINING RAISES PREPARING FOR SUCCEEDING ROUNDS ALSO SHOWN. DoTTED LINES 
OVER APEXES INDICATE PILLARS LEFT WHILE UNDERCUTTING. ThESB ARB BLASTED 
AT THE SAME TIME AS HOLE No. 1. 

A. Chutes. H, Undercutting raises. 

B. Forked chute raises. 1. Mining raises. 

C. Grizzly chambers. K. Approaches to mining raises. 

I), Grizzly chamber approaches. L. Footwall drift mining level. 

E. Crosscut on grizzly level. M, Footwall drift grizzly level. 

F. Raises to stope. JV. Footwall drift haulage level. 

G. Undercutting raises. 0. Haulage crosscut haulage level. 

undercut pillars are blasted, or if the ground is particularly solid the 
undercut pillars are blasted after the holes in the rills (No. 1) have been 
drilled, and the holes in the rills blasted a day or two later. The stope 
is now in condition to start mining from the mining raises. 
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Mining is started in the footwall raises. Coming dovrn from the 
mining level to a point 30 to 40 ft. above the back of the stope a tem- 
porary staging is installed in the mining raise and holes drilled downward 
in the sides, back and foot to a depth of 8 to 10 ft. These holes are fanned 
out so that when blasted the raise is enlarged in all directions and a bench 
formed. It is often necessary to take two swipes before a bench of suffi- 
icent size is made These benches are from IS to 25 ft. long, and from 




Fig. 9. — Plan and vertical section showing typical long round used in hard 
GROUND. Numbers shown on holes indicate order of blasting. 

12 to 14 ft. wide with the mining raise coming up through the center. 
This work is done with either a BuU Moose or Jackhammer machine and is 
designated as the “short round, The floor of this bench then is from 
20 to 30 ft. above the back of the stope. 

As soon as the short round bench has been cleared of muck, shoveling 
and barring down loose requiring from 4 to 8 hr. time for two miners, 
a staging is placed over the raise opening and drilling of the “long round 
commenced. There is no absolute standard for the long rounds, although 
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t h('y on* ali very the holes hoin^ drilled to conform to the ground. 

!f i]k‘ ground is very hard from 35 to 40 holes are necessary while if the 
u'roiind is, softtT and somewhat cracked up only 20 to 2G holes are needed. 
Fig. 9 sliows a typical long round used in hard ground. Fig. 10 is an 
isomclric drawing of the same round from which a clearer conception may 
he detained. The holes in the long round are all drilled with Ingersoll-Rand 
Bull Moose machines using IJ'^-in. hollow hexagon steel having a 4-point 
cross bit. Steel up to 24 ft. in length is used, with changes in gage 
every 4 ft, from starters down to IJ^-in. on the longest steel. 

After the round has been drilled all the holes are sprung from one to 
three times to form a large pocket at the bottom of the hole for the 
powder used in blasting. On the first springing two sticks of IJ^ by 
S in. powder are used, on the second springing four sticks and on the 
third six sticks — in extremely hard ground nine or ten sticks per hole 
have been used. Springing a large round requires about a day for 
two miners. 

The long round having been sprung, all holes are thoroughly cleaned 
out with a compressed air blowpipe. The round is then loaded with 
40 per cent. Red Cross pow^der. No. 8 electric blasting caps are used 
hooked up in parallel series. From six to eight delays are used depending 
on the number of holes in a round. Fig. 9 sho^ws the order in which the 
holes are blasted. Current is obtained from either a large size blasting 
machine or from a 110- volt lighting circuit. Although not absolutely 
necessar 3 % the blasting of all the larger rounds is done after regular 
hours w’hen most of the crew are out of the mine. 

The amoimt used per round will vary from 500 to 1000 lb., depending 
on the number of holes in the round and the nature of the ground. 
Including the powder used in blasting the short rounds, springing holes 
and blasting the long rounds, 396,091 lb. were used in blasting 379 complete 
rounds or an average of 1045 lb. per round and amounting to 0.245 lb. 
of povrder per ton of ore broken. These 379 rounds broke a total of 
1,618,212 tons or an average of 4275 tons per round. The round shown 
in Fig. 9 would break a block of ground 52 ft, long by 35 ft. wide by 28 
ft. thick, or a volume of 50,960 cu. ft. of rock in place which at 12 cu. ft. 
to the ton amounts to something over 4200 tons. 

Two miners only are used on each crew in each mining raise, the work 
in any particular raise being done on one shift only when possible. 
The objections to working two crews on opposite shifts in the same raise 
are many, although it can be done. The principal reason for not doubling 
up on the crews is that the miners are paid a bonus based on the footage 
drilled. To increase the efl&ciency and insure no lost time to the miners 
one crew is often given two raises in which to work. The cycle of opera- 
tions in connection with a complete round based on a crew of two miners 
working one shift is approximately as follows: 



BE VAN PRESLEY 


29 


Type of Work 

Days Lapsed 
Time 

Man* Shifts 
(S IlB.) 

Staging up for short round 


H 

Drilling short round 

2 to 3 

4 to 6 

Springing short round 

M. 

« 

Blasting short round 

M 

1 

Cleaning off benph 

H 

1 

Barring down 



1 

Staging up for long round 

1 

2 

Drilling long round 

7 to 9 

14 to 18 

Springing long round 

1 

2 

Loading and blasting long round 

1 

2 


14 to 17 

2S to 34 



Fig. 10. — IsoMETBic of long round shown in Fig. 9. ' Numbers shown on holes 
INDICATE order OF BLASTING. 

In breaking the total tonnage mentioned above, 8158 machine-drill shifts 
were required; this gives an average of 198 tons per machine-drill shift. 

Complete technical data, in detail, covering the mining operations 
in the stopes are shown in Appendix (?. 

The cycle of operations is repeated in each mining raise until it is 
mined through to the mining level. It was found, however, in the Beat- 
son mine, that the way the back of the stope is carried is very important. 
In another mine where conditions were not similar this would not be so 
important. In the Beatson min e, the ore near the hanging wall 
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is very hard to within from 2 to 5 ft. of hanging, there is then a band of 
soft ore and the gouge along the fault which forms the hanging wall. 
The country rock in the hanging "wall is a soft short slate. The soft ore, 
the gouge, and the soft slate all cave very readily and very rapidly 
so that if any large portion of the hanging wall is exposed it caves and the 
ore in the stopc becomes diluted with waste. This dilution is increased 



Fig. 11 . — North section op 202 stope, at the end of 2 months’ mining show- 
ing OUTLINE OP BACK AND ROUNDS TO BE DRILLED AND BLASTED DURING THE THIRD 
AND FOURTH MONTHS. NUMBERS ON ROUNDS INDICATE ORDER OF BLASTING. 


when the stope is drawn to make room for blasting. In one instance 
during the early stages in the use of this system a small stope was lost 
entirely by being mined too far in advance in the hanging and drawing 
the stope too low. Two measures were used to overcome this tendency 
of the hanging wall to cave: one was to mine not quite through the hard 
ore and leave a thin shell of harder material along the hanging, the other 
was to carry the stopes up in such a manner that the footwaU portion 
was well in advance of the hanging wall portion. This is clearly illus- 
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trated in Figs. 8, 11, 12 and 13 which are vertical sections through 202 
stope showing the mining of this stope in successive stages. (Fig. 14 
gives a recapitulation of all rounds drilled.) It will be noted that the 
back of the stope slopes down from foot to hanging until the mining in 
the footwall raises has been almost completed. It is then necessary to 
carry up the hanging wall portion and retreat toward the foot and finish 



Fig. 12 .— Noeth section op 202 stope at the end op 4 months^ mining, 

SHOWING OUTLINE OP BACK AND HOUNDS TO BE DRILLED AND BLASTED DURING THE 
FIFTH AND SIXTH MONTHS. NUMBERS ON ROUNDS INDICATE ORDER OP BLASTING. 


up in the footwall raises. AU during the mining operations, in any of 
the stopes whose hanging wall coincided with the hanging wall fault, 
the broken ore was always kept up against the hanging. This was done 
by not drawing the hanging wall grizzlies any more than enough to 
relieve the st'ope in the early stages of mining in the hanging wall portion. 

The cost of breaking ore in the stopes is shown m Table 2 below and 
in greater detail for each stope in Appendix B. . 
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Fig. 13. — Noeth section of 202 stope at end op 6 months showing outline 

OF BACK AND ROUNDS TO BE DRILLED AND BLASTED DURING SEVENTH AND EIGHTH 

MONTHS. Numbers on rounds indicate order op blasting. 

Note on rounds numbered 31, 32, 33: Area above main level which did not cave 
was benched in by holes along pillars. 

Table 2. — Cost of BreaMng Ground in Stojpes 
• [Tons Broken, 1,618,2121 


Amount Pee Ton 

Miners and helpers $ 87, 108 . 8S 30 . 054 

Timber supplies 3,380.35 0.002 

Explosives 63,886 .90 0 . 039 

*Machine drill expense 63,350. 11 0.039 

t Miscellaneous and general mine expense 43,327 .99 0 . 027 


Total 3261,054.23 30.161 


* Machine drill expense includes cost of steel, steel sharpening, repairs to drills, 
compressor operation, installation of air and water lines, etc. It is distributed over 
the various jobs on the basis of the number of machine drill shifts employed. 

t Miscellaneous charges include items not shown under other headings and are 
direct charges. General mine expense includes cost of supervision, ventilation, 
drainage and general mine supplies, and is distributed on the basis of the number of 
labor shifts employed. 
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Mining Operations in Pillars 

The mining operations in the pillars are carried on in exactly the same 
manner as in the stopes with the exception that the back is carried hori- 



Fig. 14. — North section op 202 stope giving a recapitulation op all bounds 

DRILLED. 

A, Chutes. • H. Undercutting raises-- 

/?. Forked chute raises. 7. Mining raises. 

C. Grizzly chambers. K, Approaches to mining raises. 

D. Grizzly chamber approaches. L. Footwall drift mining level. 

E. Crosscut on grizzly level. M . Footwall drift grizzly level. 

F. Raises to stope. N. Footwall drift haulage level. 

G. Undercutting raises. 0. Haulage crosscut haulage level. 

Note. — The south section of this stope was carried up simultaneously with an 
equal number of rounds. For technical data and costs on this stope see Tables G 
and B appended. 

zontally during the time of mining. Mining is started in the pillar as soon 
as the stopes on both sides have been completely mined. The pillar 
preparation as mentioned, is usually done while mining in the adjacent 
stopes is being carried on. In mining the longer pillars it was found that 
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not more than two long rounds could be drilled and blasted before the 
pillar caved. In the shorter pillars mining was carried clear through to 
the mining level, the ground above hero caving. While mining in the 
pillars it is necessary to discontinue drawing ore from the line of grizzlies 
adjacent to the pillar in the stope on either side. If these are drawn the 
pillar is apt to settle, interfere with the pillar mining and make the work 
hazardous. The longer pillars would probably cave after the first 
round in each mining raise in the pillar had been blasted, if the pillar 



Fig. 15. — ^Vertical section normal to strike through south end of orebody, 

SHOWING RELATIVE AREAS MINED BY VARIOUS METHODS. 

A. Bluff mining. o. Hanging wall. 

Small shrinkage stope. 5. Economic -footwall. 

C. Latouche system. c. limit of mineralization. 

D, Horse of waste. d. Original surface. 

grizzlies and the stope on either side were drawn heavily. But if forced 
to cave at this early stage it would cave in large blocks making the draw- 
ing of the ore through the piUar grizzlies very difficult and expensive. 
For this reason it is better to hold off caving and mine in the pillar as 
long as possible. At the date of this writing all pillars have been mined 
without a serious accident. 

The cost of breaking ore in the pillars is shown in Table 3 below and 
in greater detail in Appendix B, Technical data covering the mining in 
pillars are also shown in Appendix G. 
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Table 3. — Cost of Breaking Ground in Pillars 
[Tons Broken, 501,741] 


Amount Per Ton 

Miners and helpers 822,762.77 80.045 

Timber supplies 1,141.43 0.002 

Explosives 14,895.12 0.031 

Machine drill expense 15,158.04 0.030 

Miscellaneous and general mine expense 14,534.54 0.029 


Total 868,491.90 80.137 



d. Original surface. 


In outlining this system so far, nothing has been mentioned in regard to 
the mining of the ore which existed above the main or mining level and the 
paper has been written as though this ore had- been exhausted, in order 
to avoid confusion and complications. As a matter of fact a considerable 
tonnage of ore in place existed above this level over some of the stopes 
and pillars. This ore was mined in two ways, (1) by “benching” and 
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(2) by carrjTing the “Latouche system” stopes through to the “bluff 
level,” something over 90 ft. above the main or mining level. The latter 
was done by continuing the mining raises (J) the additional distance and 
driving suitable approaches on the bluff level. This made the entire lift 
of some of the stopes almost 250 ft., but access was had to the mining 
raises on the two levels, the main and the bluff. 

Figs. 15, 16 and 17 are vertical sections through the orcbody normal 
to the strike of the ore. These show the extent of the original ore deposit 



Fig. 17. — Vertical section, normal to strike, through northern part of 
orebodt; showing bblativb areas mined bt various methods. 

A. Bluff mining. b. Economic footwall. 

C. Latouche system. c. Limit of mineralization. 

a. Hanging wall. d. Original surface. 

and the relative areas mined by bluff mining, benching and by the 
Latouche system. 

The “benching” work was carried on in the hanging wall portions 
of several of the stopes. As soon as the mining raises in these areas were 
brought through, a grizzly was installed on the main level and a taise to 
the surface driven above the grizzly. These raises were then enlarged 
with Bull Moose rounds and the adjacent ore broken into the pits thus 
formed much the same as in glory-hole mining . 
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The cost of breaking ore by “benching” is given in Table 4 below, 
and in greater detail in Appendix B. Technical data covering “ benching” 
are also given in Appendix G. 


Table 4. — Cost of Breaking Ground — Benching 
[Tons Broken, 119,SC8] 


Amount Peb Ton 

Miners and helpers §10,370.43 $0,087 

Timber supplies 48.00 

Explosives 5,846 .61 0 . 049 

Machine drill expense 3,865.86 0.032 

Miscellaneous and general mine expense 4.277.21 0.036 


Total §24,408 .11 §0.204 


Ore through Grizzlies — Bnlldczing 

The ore drawn from the stopes, pillars or “benching” pits is all put 
through the same type of grizzly, constructed of 100-Ib. rails with 11-in. 
spaces between. A detail of the grizzly used is shown in Fig. 7. The 
large rocks are either broken with a hammer or block-holed as no “plaster- 
ing” (or “bulldozing”) is allowed. The term “bulldozing,” however, 
is used to designate the operation of putting the ore through the grizzlies. 
Table 5 gives the cost of this operation in drawing ore from the three types 
of mining. This is given in greater detail in Appendix C. 


Table 5. — Cost of Ore through Grizzlies {Bulldozing) 
[Tons Bulldozed, 1,682,079] 



Stopes 

Pillars 


Benching 


Total Average 

Amount 

Per 1 
Ton j 

Amount 

Per 
Ton ' 

Amount 

Amount 

Per 

Ton 

Tons bkilldozcd 

1 , 159,693 

402,518 

119,868 


1 , 682.079 

Bulldozers 

$ 98 , 960.74 $ 0,086 $ 29 , 494.43 $ 0,073 $ 11 , 157. 11 $0 

.093 



Explosives 

46 , 406.33 

,040 

13 , 880.86 

. 035 ; 

6 , 601.88 

.055 



Machine drill expense 

32 , 966.53 

.028 

11 , 375.06 

. 029 ! 

3 , 288 . 48 , 

.027 



Thawing and flushing 





521.06 

.004 



Repairing chutes and 


■ 


! 





grizzlies — labor 

9 , 988.00 

.008 

2 , 984.78 

. 007 ! 

265.55 

.002 



Repairing chutes and 




I 

i 




grizzlies — supplies . 

6 , 996.73 

. 006 . 

1 

2 , 597.52 

.0061 

311 . 31 . 

.003 


Miscellaneous and 








general mine ex- 



' 

1 

1 




pense 

49 , 715.56 

. 043 , 

18 . 175 . 75 . 

. 045 | 

1 

4 , 130 . 74 j 

035 



Total. 


$ 245 , 033.89 $ 0 , 211 ; $ 78 , 508.40 $ 0 , 195 , $ 26 , 276. 13 $ 0,219 $ 349 , 818 . 42 , $ 0. 208 


Table 6 gives the tons of ore drawn per man shift and the powder 
consumption per ton of ore . This is given in greater detail in Appendix H . 
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Table 6.— Ore throvgh Grizdies; Showing Tons Drawn per Bulldozer 
Shift and Powder Consumption 


■ 

Slopes 

Pillars 

Benching 

Total and 
Average 

Tons bulldozed ] 

1,159,693.00 

i 402,518.00 

119,868.00 

1,682,079.00 

Tons per bulldozing shift. . 

63.00' 

1 74.00 

59.00 

65.00 

Pounds poTTder per ton ore| 

0.161 

1 

' 0.15 

0.25 

0.16 


Loading, Tramming and Hoisting 

The total average cost for loading, tramming and hoisting for 1,682,079 
tons vas $0,187 per ton of ore. This cost includes indirect and general 
mine charges. The hoisting cost averaged $0,051 per ton andloadingand 
tramming $0,086 per ton. This is given in greater detail in Appendix D 
for each block of ground and for the ore derived from each type of mining. 


Siumnary of Costs 

Table 7 shows the average cost of all ore produced to be $0,793. 
Appendix E gives in detail a recapitulation of costs of breaking ground, 
bulldozing, loading, tramming and hoisting for each block of ground and 
by each method of mining. From this it will be noted that the average 
cost of these operations in the stopes was $0,510 per ton; in benching 
$0,560 per ton and $0,468 per ton for the pillars with an average of $0,503 
per ton covering the whole tonnage derived. 

Appendix F is a recapitulation in detail showing the entire cost of 
production, including development and stope preparation, for each block 
of ground and by each method of mining. This shows a total cost of all 
ore derived to be $0,793 per ton made up of the $0,503 for breaking 
ground, bulldozing, loading, tramming and hoisting and the $0,290 for 
development, stope preparation, etc., shown in Table 1. 

Cost of Supplies and Wage Bates 

In order that all the foregoing costs may be used for comparative 
purposes, there is shown in Table 8 cost of various supplies for the years 
1922, 1923, 1924, 1925 and 1926, and in Table 9 is given the wage schedule 
covering the same years. 
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Table 7. — Summary of Costs for Entire Orehody 
Ore Production 


Breaking Ground 

Tons Broken 

Place 

Cost per Ton ! Average Cost per Ton 

1,618,212 

i Stopes 

SO. 161 

119,868 

1 Benching 

0.204 

501,741 

: Pillars 

0.137 

2,239,821 i 


; $0,168 

1 

Ore through Grizzlies 

Tons Bulldozed | 

i 

Place 

Cost per Ton j Average Cost per Ton 

1,159,693 i 

Stopes 

$0,211 ! 

119,868 i 

I Benching 

0.219 

402,518 

: Pillars 

: 0.195 1 

1,682,079 

i 

j 

i 

1 

1 j SO. 208 


Loading, Tramiwing and Hoisting 


Tons Trammed 1 

! 

Place 

Cost per Ton 

1 

Average Cost per Ton 

1,159,693 ! 

1 Slopes 

$0,138 


119,868 1 

1 Benching 

0.137 


402,518 

Pillars 

0.136 

! 


1,682,079 

: $0,137 

1 1 


1 


Total Ore Production ' $0 . 503 


Development, Stope Preparation 


1 

1 

1 

Cost per Ton 

Average Cost 
per Ton 

Stope preparation 

$0,146 

0.042 

0.004 

0.003 

0.046 

0.040 

0.009 


Pillar preparation 

Prospect raises and cuts 

Ventilation raises and cuts 

Stope development 

Preliminary development 

Diamond drilling .” 



Total 

Total average cost of ore derived 


SO. 290 
SO. 793 








40 


THE EATOXJCHE SYSTEM OP MINING 


Table S. — Cost of Various Mine Supplies Laid Down at Latouclie 


Material 

1922 

1923 

Cost 

1924 

1925 

1920 

Grizzly rails, 100 lb. 12 ft. long each 

$12.91 

$16.18 

$14.86 

$13.34 

$12.35 

Track rails, 35 lb., per 100 lb 

2.83 

3.74 

3.89 

2.72 

2.52 

Powder 40 per cent. Red Cross, per 
50-lb. box 

7.28 

' 6.85 

7.02 

7.05 

7.03 

Powder 40 per cent, gelatin, per 
50-lb. box 

7.78 

8. OS 

7.40 

7.21 

7.36 

Caps No. 6, per 100 

1.12 

1.40 

1.07 

1.07 

1.07 

Caps Xo. 8, per 100 

1.86 

l.SO 

1.83 

1.77 

1.73 

Caps Xo, 8, electric 


1 0.178 

0.185 

0.173 

0.182 

Fuse, triple tape, per 100 ft 

0.81 

0.76 

0.77 

0.77 

0.77 

Fuse, Dreadnaught, per 100 ft 

0.59 

0.65 

0.63 

0.63 

0.65 

Fir lumber, imported, per M ft. 
board measure 

42.50 

j 44.00 

1 j 

i 39.25 

46.04 

40.50 

Spruce lumber, local cut, per M ft. 
board measure 

32.26 

; 28.50 

! 

; 26.85 

22.47 

27.33 

Carbide, per 100 lb 

7.12 

; 6 68 

^ 6.77 

6.77 

6.77 

Candles, per box 

6.86 

; 7.25 

' 6.94 

7.00 

3.50 

Blacksmith coal, per 100-Ib. sacks. , 

2.78 

' 1.35 

1.45 

1.86 

1.10 

Mild steel, per lb 

0.0361 0.041 

i 0.040 

0.039 

0.039 

Drill steel, IJ^s in. hollow hexagonal, 
per lb 

0.127 

0.148 

1 

‘ 0.130 

0.085 

0.085 

Drill steel, in. hollow round, 

per lb 

0.178 

0.171 

^ 0.171 

0.104 

0.104 

Drill steel, 1 in. quarter octagon 
(or cruciform), per lb 

0.147 

0.116 

0.116 ; 

0.063 

0.093 


Remarks 

This scheme, like most departures from established practice, is the 
adoption and development of the best ideas of the entire organization 
and cannot be credited to any one person. Changes have been made 
from the time of its inception to overcome difficulties encountered. 

In applying this scheme of mining to the ore on the lower level, now 
being developed, several changes are to be made, the most important one 
being to change the width of stope from 70 to 60 ft. and increase the 
width of pillar from 30 to 40 ft. The distance of the mining raise from 
the pillar will be reduced from 15 to 13 ft. The 30-ft. pillar was found 
to be too narrow in the longer stopes and would not stand up until 
mining could be carried to the point desired. The narrow pillars became 
shattered and broken after undercutting had been completed or after 
the first round blasted and made mining in them somewhat hazardous. 
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Table 9 . — Wage Schedule at Latoiiche^ 

, Showing Rates Paid pe 

r S~hr. Shift 


1022 

192.3 

1024: to 1026 

Miners 

S4.o0 

S5.40 

$4.90 

Miners* helpers 

4.00 

4.75 

4.25 

Shovelers 

4.00 

4.75 

4.25 

Grizzly men 

4.50 

5.40 

4.50 

Ore pocket grizzly helpers 

4 . 2.5 

5.00 

4.50 

Gagers : 

4.25 

5.00 

4.50 

Skip tenders 

4.25 

5.00 

4.50 

Hoistmen 

4.50 

5.40 

4.90 

Motormen 

4.25 

5.00 

4.50 

Steel sharpeners 

4.75 

5.65 

5.15 

Steel sharpeners’ helpers 

4.00 

4.75 

4.25 

Timber framer 

4.50 

5.40 

4.90 

Mechanics 

4.75 

5.65 

5.15 

Mechanics’ helpers 

3.75 

4.50 

4.00 

Head tracklayer 

4.50 

5.40 

4.90 

Tracklayers 

4.25 

5, 15 

4.65 

Tracklayer, helpers 

4.00 

4.75 

4.25 

Track cleaners 

4-00 

4.75 

4.25 

Timbermen 

4.50 

5.40 

4.90 

Timbermen helpers 

4.00 

4.75 

4.25 

Loaders 

4.25 

5.00 

4.50 

Tool nippers 

4.00 

4.75 

4.25 

Pipemen 

4.50 

5.40 

4.90 

Pipemen helpers 

4.00 

4.75 

4.25 

Trammers 

4.00 

4.75 

4.25 

Outside laborers 

3.65 

4.25 

3.90 

Powder and fuse men 

4.25 

5.15 

i 4.65 


Advantages of Method 

1. Safety , — There has been but one fatal accident during the time of 
mining the entire tonnage. This occurred when a crew of miners failed 
to bar down the back of the bench after springing one of the long rounds. 
A piece of rock fell from the back striking one of the miners who was load- 
ing the round. 

2. Low powder consumption. 

3. Large tonnage per machine drill shift or labor shift employed. 

4. Low costs (as a result of 2 and 3). 

5. Ability to mine large tonnage rapidly after preparation 
work finished. 


Disadvantages of Method ’ 

1. The large expenditure for grizzly chambers and other preliminary 
work would preclude using this method unless there is a fairly large 
tonnage of ore above the grizzly level. A level must be available for 
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bulldozing; -srhether grizzlies are used or not depends on the size of the 
cars and chutes. 

2. In common with most methods for. breaking large tonnages, it is 
not possible to leave any low-grade ore occurring between the undercut 
and the level above. 

3. Comparatively lengthy period of time to get a block of ground 
producing due to extensive pleliminary work. 
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Appendix A.— Stope Pbepakation, Jaw. 1 , 1922 , to Dec. 31 , 1926 .— (Continued) 
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Appendix i?.— R ecapitulation of Cost fob Breaking Ground, Bulldozing, Loading Tr.uu 
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Appendix F.— Recapitulation op Total Cost for Stopes, Jan. 1, 1922, to Dec. 31, 1920 
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.046 63298.66 .667 



Appendix (?.— Bebaxing Gboukd, Jan. 1, 1922, to Dec, 31, 1926 
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Appendix F.— Ohe through Grizzlies, Jan. 1, 1922, to Deo. ai, 192(i 
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Discrssiox 

R. R. Van Valkenburgh, Wharton, X. J. — Undercutting costs were kept on a 
square-foot basis. Wo took this up with the author and others familiar with it. 
There seems to be no particular reason except that the work was contracted and the 
undercut volume was of no particular interest. The square foot advance was 
more important. 

G. A. Packard, Boston, IMass. — Is not the time of preparation very cousideral^ly 
more than in the ordinary shrinkage stope? 

R. R. Van Valkenburgh. — Yes, but there are many points of attack in this 
system. It is reasonable, therefore, to expect that speed could be obtained if nccoa-sary . 

G. A. Packard. — Could not the preparation be done as quickly as in an ordinary 
shrinkage stope? 

R. R. Van Valkenburgh. — Xo, because there is so much more of it. 

G. A. Packard. — It was tried on a block 2S0 by SOO ft. How small an orebody do 
5 mu think could be treated satisfactorily in this way? 

R. R. Van V.^lkenburgh. — I have always thought of adapting it in the other 
direction; namely, with the strike of the orebody instead of across it. In order to get 
the maximum result there should be a width of at least 40 ft., which is the distance 
between the working raises. 

G. A. Packard. — It is obvious that all of the preparatory work could not be under- 
taken for an orebody of very limited thickness. 

B. F. Tillson, Franklin, N. J. — Could one apply this method to an orebody 60 
or 80 ft. thick? What experience can we get in that respect? 

G. A. Packard. — Would it be applicable to the sometimes comparatively thin 
beds of the Joplin district, for example? 

R. R. Van Valkenburgh. — No; based on costs I know of in Joplin. 

B. F. Tillson. — Relative to other methods of mining? 

R. R. Van Valkenburgh. — I do not think it would apply to relatively thin 
deposits of 60 feet. 

• F. W. Sperr, Houghton, Mich. — Is not this deposit supposed to go dowm hundreds 
of feet lower than shown in the illustrations? 

G. A. Packard. — I believe it is. 

F. W. Sperr. — The hanging waU must be caved in from the foot wall or ore will 
be lost. 

G. A. PackaiO). — According to Fig. 13 the hanging-wall side is broken first; then 
the broken ore is allowed to pile up on that side. 

F. M, Radel, Wharton, N. J. — At Latouche the hanging wall dips at about 35°. 
It is a slate formation. Ore is piled up on the hanging waU as a support to the wall. 
This is accomplishfed by drawing the footwall chutes faster than those near the hanging 
find is made possible by chute spacing. Th^t seems to b® tAo most important feature. 
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No ore is lost, so far as I know. I worked there for five years and helped to start 
the Latouche system. I may be prejadiced, therefore, in thinking that no other 
system could have been better adapted. We started back-stoping with the ordinary 
shrinkage method. Tons per man broken have been increased 1000 per cent, since then . 

The most important advantage is the safety. It is unnecessary to go into the 
stope. The ground had cracks and slips, was very soft and gave no warning; hence 
was treacherously dangerous. Since the system has been put in, there has been but 
one fatality and that attributable in no way to the mining method. 

There are many other factors, of course, that recommend the Latouche system.' 
Access to the stopes at many points eliminates all temporary pipe installations for air 
and water. Also, in these raises are provided small hoists for material and tools. 
Therefore care of drill steel and tools is made easy, and the work is made attractive 
to a better class of meh. 

B. F. Tillson. — This sj’stem is of great interest to mining men. It is evidently a 
variant of the whole system in mining. It was probablj^ 19 years ago that in Michi- 
gan, in the Iron Eiver district, I found sublevel stoping in use. This practice was 
based on a development of drifting instead of a raising development, and the mine was 
satisfactorily operated in that way beneath the river. I regard it as a very valuable 
mining system. It has been pointed out that shrinkage stoping was employed in one 
of the mines in the Tri-State district, and I wonder why this system would not have 
made an increase over the shrinkage stoping tried at Beatson mine as opposed to the 
room-and-pillar method which was found advantageous. 

There seems to be a feeling that the sublevel drift as the point of attack is in many 
local conditions superior to an attack upon a raise development. I wonder why tho 
particular conditions under which these different methods of development are advan- 
tageous cannot be clalrified. At Copper Hill, a system quite akin to the Latouche 
system was tried, and it was found desirable to vary it somewhat because of 
local conditions. 

The condition of back, shape, length and thickness of a particular orebody undoubt- 
edly has an influence as to the best way of development. A clarification of features 
would be very valuable, 

F. M. Radel,— It was thought that subleveling would be relatively more costly. 
In Arizona much of that is done. At stated distances a sublevel is driven and break- 
ing is done from that. When the cost of driving the sublevel is compared to the cost 
of driving the raise, there is a considerable difference. That alone prevented us from 
going to the drift — ^we found that we could put up the raises at less cost. 

G. A. Packard. — The character of the back undoubtedly is the deciding factor. 

F. M. Radel. — ^At Latouche the back is never worked under. Formerly, miners 
would go into the stope and bore for 2 or 3 hr, without directly producing. With this 
system there is no boring, except, as this paper indicates, in the first cut, which is so 
slight that it takes only hr. In other words, mining is continuous. 

G. A. Packard. — How does the cost of preparation compare with the cost of 
preparation for the other methods ? 

F. M. Radel. — The cost of preparation at Latouche is high, but it is more than 
offset by the cheap mining. The time it takes to break and how long one's money is 
tied up must be considered. In shrinkage stoping, the miners have to stand on the 
ore and there is a long time before that ore is drawn, but with the Latouche system it 
can be drawn as desired. 
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B. F. Tillson. — Would it have been better to make it 250 ft. betiiv’een levels 
instead of 200 feet? 

F. M. Rabeu. — It might have been. That is, of course, regulated by the dip, 

A. NoTiiAX, New York, N. Y. — I presume that the method would be applicable 
only to groimd that stood pretty weU. Although working in the solid one is not work- 
ing on the solid. With the sublevel drifting method one is working on the solid. 

G. A. P.\CKAKD. — Would you consider, in these chambers that have been broken 
out, that a man was practically working on the solid? It is not exactly a 
parallel condition. 

F. M. Radel. — The system, I think, could be applied anywhere that sublevel 
stoping seemed applicable and even where the ground seems to have a greater tendency 
to cave. 

A. Notmax. — The sublevel drifting scheme may be adapted to the ground. The 
question of development is not the onh" deciding factor between the two methods 

« 

R. K. W-^RXER, New Haven, Conn. — It seems to me that the method is more or 
less limited to orebodies of a n^po that could normally be worked by ordinary shrink- 
age stoping. Dilution must not be a serious item. Under proper conditions the 
method becomes surprisingly flexible. One is able to adjust the work in the raises 
according as the ore breaks and need not worry about heavy patches of ore hurting 
men in the stope below. The work can be done there just as fast as the ore Tvill break 
properly. In the academic study of mining methods the method is intermediate 
between the ordinary shrinkage stope and the block caved stope. By working in the 
raises, putting just enough pressure on the ore with explosives to make it come do'W’n 
right, orebodies too hard for ordinary caving or too soft for normal shrinkage can be 
handled economically. The method should be especially valuable where the strength 
of the back is likely to vary. 



Mining Methods and Records at the United Eastern Mine 

By Roy W. Moore,* Los Angeles, Calip. 


(New York Meeting, February, 1928) 


The Tom Reed Extension and Big Jim mines of United Eastern 
Mining Co. are situated in the Oatman district, Mohave. County, Ariz., 
about 28 miles southwest of Kingman, the nearest railway point. 

Articles descriptive of the mine surface plant, mill construction, and 
plant operations have been written by Otto Wartenweiler,' the designing 
engineer; Wheeler 0. North,® when he was assistant general manager for 
the company, and Earle M. Bagley, mill superintendent.® The last 
article covers average costs for the full time the mill was operated. 

The geology of the mines is described by F. L. Ransome^ of the United 
States Geological Survey. 

Production was started in January, 1917, and the known orebodies 
were exhausted in May, 1925, showing a life of seven years and five 
months. On account of the comparatively short life and the fact that 
stoping operations were confined to two orebodies, little experimenting 
was done with mining methods. 

The two orebodies were in what is generally called the Tom Reed- 
United Eastern vein, which occupies a fault fissure having a normal 
displacement of several hundred feet. Seven or eight very productive 
ore shoots were mined along this vein in a distance of miles, the two 
worked by the United Eastern being 1 mile apart. 

The maximum dimensions of the Tom Reed Extension ore shoot were: 
height, 750 ft.; length, 950 ft.; thickness, 48 ft. The vein structure 
varied from a solid quartz-calcite filling to a series of parallel stringers 
separated by andesite. From this body, 511,976 tons of ore were 
mined. (Fig. 1.) 

The maximum dimensions of the Big Jim orebody were; height, 450 
ft.; length, 850 ft., thickness, 36 ft. Its structure was similar to that of 
the Tom Reed Extension but larger sections of the vein were made up 


* General Manager, United Eastern Mining Co. 

iThe United Eastern Mining and Milling Plant. Trans. (1918) 69, 274. 

“ Mill Operations at United Eastern during 1917 and 1918. Trans. (1920) 63, 
548. 

* Operations at the United Eastern Mill. Engng. & Min. Jtil.-Pr. (1925) 119, 436. 

* Geology of the Oatman Gold District, Arizona (A preliminary report). 
U. S. G. S. BuU. 743, 
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almost wholly of calcite and therefore were not of commercial value. 
From this orebody, 220,552 tons of ore were mined. (Fig. 2.) 

Shafts, Drifts and CRosscrxs 

The Tom Reed Extension shaft Xo. 1 was sunk for prospecting pur- 
poses. After a large tonnage of excellent ore had been proved on the 
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Fig. 1. — ^Longitudinal section through No. 2 shaft stopb, Tom Reed extension. 


third, fourth, fifth and sixth levels from this shaft, the main working 
shaft, known as No. 2, was sunk at a point 630 ft. to the north and about 
450 ft. in the hanging wall from the apex of the vein fissure. It was 
located opposite the northerly end of the ore shoot, therefore subsequent 
settling of the han^g wall caused no inconvenience. (Fig. 3.) 


58 MINING METHODS AND RECORDS AT THE UNITED EASTERN MINE 

This shaft was started at the top of a hill at an elevation 120 ft. above 
the collar of No. 1. The location ajfforded an excellent site for the mill 
in close proximity to the shaft. The shaft consists of three compart- 
ments, each 5 by 5 ft. inside dimensions. Two compartments were 
used for hoisting purposes and the other for ladderway, pump and air 
columns, and electric cables. 

Ore pockets of 100 tons capacity were cut below each station on the 
fourth to the eighth levels inclusive. Each ore pocket discharged into 
two measuring pockets, each of one skip capacity. (Fig. 4.) 



Levels were driven at intervals of 100 ft., 150 ft., and 200 ft. between 
the first level at 585 ft. and the lowest level at 1298 ft. The first level 
corresponds to the fourth level of shaft No. 1. The distances of the 
vein from the shaft on the top and bottom levels were respectively 
60 and 260 feet. 

The collar of the shaft was concreted to a depth of 50 ft. Timbers 
of merchantable grade were used throughout for shaft sets, the plates 
being 10 by 10 in. and the dividers 8 by 10 in. Stations were cut to the 
full length of the shaft, thus affording ample room on both sides of the 
double tracks leading to the station ore pockets. They were also large 
enough to permit storage of ore ears temporarily not in use, and were 
floored with planks 3 by 12 in. and ^-in, steel sheets, with the exception 
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of the grizzly sections, which were constructed of 3o-lb. rails set 10 in. 
apart (Fig. 5). Crosscuts from the stations to the vein were double- 
tracked in part so as to permit passing of incoming and outgoing cars. 

Development drifts in the vein proper measured 5 by 7.5 ft. and 
required no timbering, but sets were often required in prospect drifts 
in the vein fissure beyond the limits of the orebody. All levels were 
equipped with 18-in. gage track of 20-lb. rails. 



Uni>ebgrottnd Development Plans 

Each level was developed by drifts driven to the limits of the ore shoot 
and beyond. Raises were driven between levels as ventilation and ore- 
blocking requirements dictated. Forced ventilation through 10-in, 
galvanized pipe was used in headings, but the mine, as a whole, was 
ventilated by a suction fan having a capacity of 30,000 cu. ft., which was 
located at shaft No. 1. 

Crosscuts were driven through the vein at 50-ft. intervals and at 
greater intervals were continued well into the walls to prospect for possible 
parallel veins. 
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Stoping 

The horizontal cut and fill method was used almost exclusively in 
mining both orebodies. The untimbered rill was attempted, but was 
found not adaptable on account of the tendency of the vein to slab off. 
This tendency’' was due both to horizontal seams in the vein and to 
wall pressure. 



Fig. 4. — Station and pocket, Big Jim shaft. 


The shrinkage method was used for small tonnages in narrow parts 
of the vein at the lower limits of both orebodies, but was not adaptable 
for the larger stopes for the reasons given above, and also on account of 
“sheeted’^ and soft hanging walls which would slough if not supported. 

Use of the more costly method of stoping was justified as it resulted 
in a higher grade of ore being sent to the mill, and the treatment of a 
minimum tonnage over a minimum length of time necessary to exhaust 
the known ore supply, and therefore in a larger ultimate profit. The 
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method also afforded opportunities to prospect for possible near-by 
parallel veins by driving wall raises, the waste from which was used 
for stope filling. 

In making preparations for stoping operations, the vein w^as cut out 
for its full width on the sill floor, beginning at the main crosscut from the 
shaft, and to a height to allow 6 ft. above the sill sets. 

The first three levels were timbered two square sets high before filling 
was started, as it was believed that haulagcways could be kept open to 
better advantage vrhen the sets were subjected to great pressure, on 
account of the weight of fill and wall pressure. Later it proved inadvis- 
able to use two sets as the timbers had a tendency to “jack-knife” 
under excessive weight. Thereafter, the timbers were placed only one 
set high across the vein. In both eases, the sets were topped with double 
thicknesses of 2-in. by 12-in. by 6-ft. cut lagging as fill support. 

Cribbed manways and chutes constructed of 3 by 12-in. lumber were 
spaced at 22.5-ft. centers where the vein was not wider than 18 ft. Where 
the vein was wider, double rows of manway-chutes were constructed 
with the same longitudinal spacing. (Fig. 6.) 

Drilling of stope backs to a depth of 7 ft. followed closely after com- 
pletion of sill sets. The sets were then floored over, manway-chutes 
raised 3 ft. and filling placed to the same height. The fill was then 
properly leveled and floored over with 2-in. by 12-in. by 6-ft. cut lagging 
before the ore was blasted. After the ore was shoveled into chutes the 
floors were thoroughly swept and taken up in readiness for the usual 6 
ft. of fill. Stopes were thus advanced by a succession of 6-ft. cuts of 
ore followed by corresponding benches of fill. Large pieces of ore 
were broken with doublejacks or by blockholing, so as to pass the 10-in. 
grizzlies over station ore pockets. (Fig. 5.) 

Waste for filling was obtained from development and from stope- 
waU raises driven between chutes. These raises often extended to 60 ft. 
from the vein where the stopes were widest. They weakened the walls 
considerably and thus caused trouble when the stopes approached the 
levels above. At this latter stage the backs generally had to be supported 
by timber cribs. Waste was spread by use of small air hoists and scrapers 
in open stopes or by wheelbarrows in cramped quarters. 

By the time it became necessary to draw ore from the Big Jim, that 
property had been pretty thoroughly developed. (Fig. 7.) 

The same stoping method was used as in the Tom Reed Extension 
orebody, but operating conditions were much more favorable. The 
walls were more solid and consequently stood better. This often per- 
mitted two 6-ft. cuts of ore between periods of filling, thus eliminating 
one floor laying and taking up operation and a saving of time in chute 
building. A greater amount of the ore was drawn through the chute 
by gravity and thus shoveling e.xpense was reduced. 
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Waste was obtained more economically at the Big Jim. This ore- 
body apexed against the Mallery fault about 100 ft. below the surface. 
Raises were driven in ore from the third level to the Malleiy fault and 
thence 15 to 20 ft. to the waste-distribution level, which was connected 
by raises to mill holes on the surface (Fig. 2). Waste could be dropped 
directly from the miU holes through three raises into the uppermost 
stope, or through a footwall raise, which connected one mill hole to 
the third, fourth and fifth levels, from which it was distributed to stope 
raises below those levels. This system resulted in a much lower filling 
cost than was obtained at the original property. Waste for filling w’as 
also derived from development wmrk and from occasional stope-wall 
raises driven primarily to prospect for possible parallel veins. 

Sill floors were cut out for the full width of the vein where the ore was 
of commercial grade, and sill sets only were placed. The sequence of 
mining operations was then the same as for the Tom Reed Extension 
orebody with the exception that two 6-ft. cuts of ore were often made in 
the stopes between periods of filling. Practicallj' all of the filling was 
spread by use of scrapers and tugger or turbine air hoists, the use of 
which resulted in a material reduction of filling cost. 

Power 

Electric power was used for all purposes. Power was supplied by 
the Desert Power & Water Co. of Kingman, and transmitted at 44,000 
volts to Oatman, where it was stepped down to 440 volts. 

Hoisting Plants 

The installation at the Tom Reed Extension shaft consisted of an 
Allis Chalmers double-drum electric hoist direct connected to a 160-hp. 
motor through a flexible coupling and herringbone gears. 

Ore was hoisted in skips working in balance, each skip being suspended 
below a cage, which was used to hoist waste in cars as well as for men 
and supplies (Fig. 8). The skip loads averaged 2.2 tons each and the 
maximum hoisting speed was 800 ft. per minute. 

A Wellman, Seaver, Morgan Co. hoist of like capacity was used at 
the Big Jim mine. The shaft equipment was practically a duplication 
of that used at shaft No. 2. Both headframes were of timber construc- 
tion, 75 ft. in height, and were equipped with 7-ft. sheaves. 

Compressor Plant 

The installation at the Tom Reed Extension shaft consisted of two 
IngersoU-Rand Imperial Type No. 10 belt-driven compressors 19 by 12 
by 16 in., each furnishing 888 cu. ft. of free air per min, at 100-lb. pressure. 

voi.. 76. — 6 
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The Big Jim instajlatiou consisted of one machine of the above type 
and one machine of the same type 17 by 10 by 14 inches. 

Pumping 

The pumping problem was not serious at either mine. The water 
could be controlled at the Tom Reed Extension shaft by pumping 32 
gal. per min. during 16 hr. per day. Water was pumped from the tenth 



Pljln op Skip 

Fig. 8. — ^Assembly of cage and 2-ton skip, Big Jim mine. 

(1298-ft.) level to the eighth (1098-ft.) level and thence to the surface. 

At the Big Jim, the flow could be handled ordinarily in 16 hr. by 
pumping 150 gal. per min. when working below the sixth level, above 
which the mine was dry. The pump columns at both mines were 4-in. 
standard black pipe. 

Distribution of Compressed Air and Water 

Air mains in both shafts were 4-in. standard black pipe; 3-in. Tnaina 
were led off at each level and were reduced to 2-in. pipes as conditions 





Fig. 8. — ^Assembly of oaqe and 2-ton skip. Big Jim mine. iConlinuvd*) 
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permitted. Air was distributed to the stopes through l-in. pipes in 
alternate manways. 

Water for drilling purposes was distributed through 2-in. and l-in. 
pipes on levels and %-in. pipes in alternate manways. 

Air Drills 

Ingersoll-Rand No. 248 hammer drills were used for drifting. CCll 
stopers of the same make and Sullivan DP33 rotators were used in stopes, 
the latter for blockholing. 


Sampling 

The mine foreman and shift bosses would take grab samples from 
broken ore in stopes and cut samples from development faces when 
making their first round after going on shift. Assay results would be 
in the foreman’s office by noon on each day for samples taken during 
that morning and the night before. These results did not enter into 
any calculations whatsoever. 

All tonnages and valuation calculations were based on carefully cut 
channel samples. Lengths of sample cuts were dependent on widths of 
bands of varying grades of ore in the vein, but never exceeded 10 ft. 
Face samples were cut with chipping hammers and back samples with 
light-weight stopers. 

Tests indicated that carefully hand-moiled samples were more accu- 
rate than those cut by machines, but the latter method was more rapid 
and over a long period the percentage of error was insignificant. 

Development drifts were sampled at 6 to 10-ft. intervals. Stopes 
were sampled at 10-ft. intervals, generally after alternate cuts in the 
back; i. e., after each 12 ft. of advance. 

For a given block of ore in the Tom Reed Extension body, it was 
determined that the grade as delivered to the mill was approximately 
13 per cent, lower than its calculated value, with a corresponding or like 
increase in tonnage. This factor for the Big Jim orebody was approxi- 
mately 16 per cent., the difference apparently being due to the fact that 
the gold was more irregularly distributed in the latter vein, all of which 
was not of commercial grade. 


Tramwat 

Ore was transported from the Big Jim mine to the mill over a Riblet 
aerial tramway equipped with 35 buckets of 10 eu. ft. capacity. The 
loads averaged 0.52 tons each. The terminal ore bins were 5080 ft. 
apart and the buckets were discharged at an elevation 8 ft. higher than 
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Fig. 9. — Gross tons and tuns per man-shift, United IOastbrn Mining Co., 1919 -1924, iNoiiiisivu. 
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the loading point. The speed of the traction rope was 500 ft. per min. 
and the buckets were spaced 300 ft. apart. The loaded and return- 
track cables were respectively 1^^ in. and % in. in diameter and of smooth- 
coil construction. The traction cable was % in. in diameter and of 6 by 
7 lang-lay construction. All cables were made of crucible steel. 

Power input varied from 0 to 9 hp., depending on the position of a 
loaded bucket with respect to a breakover tower situated on a small hill 
midway between the terminals. 

The tramway was operated by two men, one at each end, and they 
had no difficulty in dehvering 300 tons of ore in 8 hours. 


Production and Costs 

Tables 1 to 6 give production and cost figures for the full period of 
operation of United Eastern Mining Co. at Oatman. 



ROY W. MOORE 


71 


Table 1. — Production and Costs during Operation of United Eastern 
Mining Co, at Oatman, Arizona 


Per Ton 
Based on 
Combined 
Amount Tonnage 

Gross value ore milled $14,558,210.36 $19,874 

Loss in tailing 495,065.02 0.676 

Values recovered $14,063,145.34 $19,198 

Operating costs: (Exclusive of depiction, depreciation 
of plant, prepaid development, federal income taxes and 
litigation expenses). 

Mining — T. R. Ext, — direct $2,416,255.33 $ 3,299 

Mining — Big Jim — direct 757,004.99 1.033 

Shaft sinking, T. R. Ext 15,993.42 0.022 

Milling— direct 1,473,424.63 2.011 

Marketing S9,4S1 .39 0.122 

Indirect costs 1,036,440.86 1.415 

Sinking and development, No 3 and 

Big Jim shaft 86,099 .96 0.118 

Labor, hauling, power and miscellaneous 
items in erecting tramway, additions 
to mill, etc. (Does not include costs 

of salvable material or equipment j. . . 45,511.03 0.062 

$5,920,211.01 S 8 0S2 

I ncome from direct opera tions $S, 142,933 . 73 SI 1 . 1 16 

Miscellaneous income 17,941.34 0.024 

$3,160,875.07 SI 1.140 

Administrative expense 143,705.09 0.196 

Net income from operations $8,017,169 . 38 $10 . 944 


Per Ton 
Based on 
Inditvidual 
Mine 
Tonnage 


S4.719 

3.432 


Tons 


Gross Value 


year'T.R.E. B.J. ! Total ^ T,R.E. 


B.J. 


■ Operating 

Costs 


Total 


Tailing 

Loss 


i Values 
Heoovered 
T.R.E. 


1917. 

1918 

1919 

1920 
1921' 

1922 

1923 

1924 


84,548, 


97,325' 

102,926 

95,807 

37,321 


97,325' 
■ 102,926’ 
1,606' 97,413! 
80,366 117,687 


84,548 $1,895,805.32, 
92,339 2,138,417.27 

2,031,594.20 

2,239,711,40 
1,952,441.11 


$21,149.20 


1,710 103,090 104,800 
35,490 35,490 


491,947.39 1,151,961.15 
20,689.70 2,064,384.83 


$1,895,805.32' 

2,138.'4I7.27: 

2,031,594.20- 

2,239,711.40 

1,973,590.31 

1,643,908.54 

2,085,074.53' 


566.633.17* 566,633.17 


$615,801.00 
797,760.07 
896,574.12 
942,261.09. 
943,858.50 
852,110 67 
723,343.75 
274,266.67 


$68,134.82: 

65,158.98 

61,085.04 

71,689.14 

63,536.53 

68,455.28 

91,905.35 

21,624.26 


$1,827,670.50 

2.073,258.29 

1,970,509.16 

2,168,022.26 

1,889,640.58 

471,628.11 

19,732.90 


511.976 220,552 732,528 $10,770,606.39 $3,804,128.35* 
Tailing retreated 


$14,574,734.74 $6,045,975.96 $511,589.40 $10,420,461.8 
16,524.38 16,524.38 


$14,558,210.36 


$495,065.02 


Year j 

'1 

i 

Values Recovered 

Gross Value per Ton j 

Costs ; Losses 

Net 1 

Net 

Ino. 

Per 

Cent. 

Extre. 

B. J. 

1 

Total 

T,R.E.i 

B.J. 

Total ‘ 

i 

Ton i 

^ ! 

1 

Income i 

1 per 

1 Ton 

i 

1917 

1918 

1919 

1920 

1921 

1922 

1923 

1924 

$20,413.20 

1,103,825.15 

1,973,436.28 

545,008.91* 

$1,827,070.50 

2,073,258.29 

1,970,509.16 

2,168,022.26 

1,910,053.78 

1,575,453.26 

1,993,169.18 

645,008.91* 

$ 22 , 423 ! 

23.1581 

20.8741 

21.760 

20.379 

13.1811 

12.099 

$13,169 

14.334 

20.025 

15.966* 

J 

$22,423 ' 
23.158 ' 
20.874 
21.760 
20.206 
13.968 
19.896 
15.966* 

$ 7 , 283 ! 

8.639 
9.212 
9.155 
9.678 
7.241 
[ 6.902 
7.728 

$0,806 

I 0.706 
0.627 
0.696 
0.652 
0.581 
0.877 
0.609 

$1,211,869.41 

1,275,498.22 

1,073,935.04 

1,225.761.17 

966.195.28 

723.342.69 

1,269,825.43! 

270,742.24 

$14,334 

13.813 

11,035 

11.909 

9.930 

6.146 

12.117 

1 7.629 

96.41 

96.95 

96.99 

96.80 

96.78 

95.84 

95.59 

96.18 


$3,642,683.54* 

$14,063,145.34 

$21,037 

$17,248 

$19,896* 

0.022 

$8,254 

$0;698 

0.022 

$8,017,169.38 

1 $10,944 

1 

96.49 






$19,874* 


$0,676 


1 

1 

96.60 


* Indudee values in mill deanup. Exdudve of null deanup: Big Jim, 1924, 14.510; 1917-24 16B80; all ores; 
1917-24. 19.803. 
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Table 2. — Tonnage Produced during Operation of United Eastern Mining 

Co. at Oatman, Arizona 



' Tons Mined 

Tons from Dumps 








Year 

Tom 

i Heed Big Jim Total 

j Ext. 

i 1 

Tom Reed 
Ext. 

No. 1 Shaft 

Big Jim 

Total 

Tons 

Produced 

1917 

1 

84,548 j 




84,548 

1918 

90,949 : 1 

1,390 



92,339 

1919 

' 97,325: j 




97,325 

1920 

99}22o 1 1 

3,701 



102,926 

1921 

' 95,807 1 1,606 j 




97,413 

1922 

37,321 j 80,366 




117,687 

1923 

1,710! 101,491 1 

j 

1,599 


104,800 

1924 

j 27,234 


8,256 


35,490 

Totals 

. , 506,885 1 210,697 ' 717,582 

5,091 * 

9,855 

14,946 

732,528 


Table 3. — Analysis of Indirect Costs for Operation of United Eastern 
Mining Co. at Oatman^ Arizona 



1 Liability Expense 

Accident Expense ' Fire Insurance 

1 Miscellaneous 

Total Expense 

Year ' 

Total 

Total Total 

Total 

Total 

Per 

Ton 

1 1 ' \ 

1917 $12, 487. 78 $0,148 $ 1,355. 35$0. 016 $ 2,277.23$0.027i $ 3,996. 93|$0. 046$ 64,985.81 

1 

$0,660 

1918 18,963.21 0.205 

553.60 0.006 3,039. ll! 0.033j 

8,288. 84j 0.090 

131,760.47 

1.427 

1919 , 27,182.65 0.279 

i 3,661,50 0.038) 

7,214.83! 0.074 

167,828.08 

1.724 

1920 ; ' 1 

i 31,505.64 0.306 3,518.63 0.034 

7.748.08 0.075 

171,647.24 

1.668 

1921 ! : i 

i 4,030.04j 0.0411 3,511.39 0.036 

7,086.86 0.073 

164,424.07 

1.688 

1932 1 

3,280.031 0.028! 4,036.18 0.034 

6,400.00 0.056 

146,133.46 

1.233 

1923 I 

11,774.891 0.112 3,866.50 0.037 

12,464.04 0.119 

123,337.01 

1.177 

1934 1 I 

6,258.95 0.148| 2,946.59 0.083 

25,039.88 0.705 

77,324.73 

2.179 


Total| $68,633 . 64|$0 . 080' $67,758 . 60|$0 . b79j $26,837 . 23|$0 . 037| $78,239 . 46 $0 . 107 $1,036,440 . 86 $1 . 416 
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Mill Cleaxup 

The final mill cleanup is ably described in the report of the mill 
superintendent, E. M. Bagley, as follows: 

By the 12th of May, 1924, the tonnage of ore supplied by the mine 
was so far below the mill capacity that work was started preparatory to 
cleaning up the plant. The outside agitators were emptied and the 
pulp worked through the remaining agitators. 

The last of the ore was cleaned from the bins and the grinding depart- 
ment shut down on May 31. As soon as the pulp in each tank had been 
agitated a sufBcient length of time it was transferred to the thickening 
circuit, agitators 7, 6, 5 and 4 being emptied in the order given. No. 3 
thickener was then cut from the circuit and its contents pumped to No. 
4 thickener. The pulp in agitators' 1, 2 and 3 was then pumped to 
the thickening circuit, and thickeners 1, 2, 4, 5 and 6 emptied, and 
the solutions precipitated. 

In emptsdng tanks, it was necessary to dump the contents upon the 
concrete floor, sluice the pulp to the sump, and pump it from there to 
the tank to which it was to be transferred. After all the tanks were 
emptied of pulp, the final cleanup of the unwashed pulp on the floor was 
accomplished by pumping the mud into No. 6 thickener and using the 
overflow for sluicing. The solution was then precipitated. In this 
manner we were able to collect the greater part of the dissolved gold in 
the solution to be precipitated. 

The ore that had accumulated under the ore bias and conveyors 
was cleaned up and milled before the plant was shut down. There was 
a total of 73.75 tons cleaned up having an average value of $10.34 per 
ton. Fifteen tons having a value of $16.81 per ton were cleaned from 
around the mill storage tank, where leakage and overflow had enriched 
the ground. 

We found that a concentration of gold had taken place in the hard 
muck below the rakes in some of the agitators and in the center of No. 1 
thickener. Agitators 4, 5 and 6 were cleaned before the ball mills were 
shut down, so we were able to retreat the sand in the miU. This material 
did not run as high as that obtained from the first three agitators, but 
was of sufficient value to return more than the cost of retreatment. 

The following are the tonnages and values per ton of the materi- 
als retreated: 


Aqepatob 

Tons 

Pb» Ton 

No. 4 

16 

$10.85 

No. 5 

14 

6.41 

No. 6 

30 

4.75 


The sand below the rakes in agitators 1, 2, 3, lA, 2A, 3A, and in the 
center of No. 1 thickener was sent to a local custom mill for treatment. 
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Table 6. — Analysis of Mining CostSy United Eastern Mining Co,, Oatman, Arizona, — {Continued) 
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Table 7. — Summary of Mill Cleanup, United Eastern Mming Co., Oatman, Arizona 
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There was a total of 97.341 tons of this material having an average value 
of S88.79 per ton, or a gross value of $8635.03. 

After the ball mills were shut down, the classifiers and scoop boxes 
were cleaned and the material recovered was sent to the smelter. There 
were 5.255 tons of classifier sand assaying $483.58 per ton, and having 
a gross value of 82541.21. 

The chips collected in the chip traps on the classifier discharges were 
sa'i’^ed from the time milling operations began. During the cleanup they 
were screened to separate the sand, and the chips were burned to ash. 
There were 69.951 tons of the sand averaging $35.05 per ton and having 
a gross value of $2521.41. There were 40.045 tons of ash resulting from 
the burning of the chips. This ash assayed $90.39 per ton, and had a 
gross value of $3620.36. The gross value of the chip pile was $6141.47. 

The refinery cleanup consisted of cleaning all precipitate lines and 
presses, the chipping of those parts of the concrete walls and floors that 
contained gold, the collection of dust from places of lodgment, the clean- 
ing of the dust chamber and stack, and the recovery of shot and slug 
bullion from the furnace lining. 

Tables 7 and 8 show the products recovered, as well as their values 
and costs of recovery. 


Table 8. — Sources of Bullion and Approximate Values 


Sources of Bullion 

Pounds 

Value 
per Lb. 

Value 
per Ton 

Total 

Values 

Solution precipitated after all ore was ground 

1 

j 



$ 7.010.67 

Scale from precipitation line from pump to refinery 

! 527 

$39.65 

$79,310.81 

20,898.40 

Presses and precipitation line in refinery 

196 

28.71 

57,428.56 

5,628.00 

Sweeps and chamber dust 

Furnace lining bullion slugs 

158 

5.70 

11,398.00 

900.00 

1,352.00 

$35,789.07 


Tailing Pond Recovery 

Beginning with the year 1918, the tailing ponds were scraped to 
recover their surface accumulations of salts. Detailed costs for this 
work were not kept until 1920 (see Table 9). Expense includes cost 
of all labor and supplies properly chargeable to building and maintenance 
of ponds, scraping and hauling of salts to null, and treatment. 

Wind and rain were the two major factors that controlled the yearly 
recovery. The product is decreasing in amount and per ton value, but 
the recovery is still sufiScient to return a portion of the wages of the plant 
watchman who oversees the work. 
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The following is a typical analysis of the material retreated : 


Water 

Silica 

Calcium carbonate 

Sodium carbonate 

Sodium bicarbonate 

Sodium sulfate 

Per Cent. 

13.81 

47.75 

23.47 

0.37 

2.81 

. .. . 4.60 

Sodium chloride 

Iron 

Thiocyanates 

Cyanides 

Alumina 

Pee Cent. 

11.10 

Trace 

Trace 

None as such 

Trace 


DISCUSSION 



G. A. Packard, Boston, ]Mass. — This paper covers the mining of two orebodies 
in western Arizona which were mined by the eut-and-fill method. This method was 
adopted after the orebody had been, as I understand it, fairly well delimited, and 
after a study of all of the factors that would have a bearing on net profits, a real 
broad engineering basis. The method adopted was not the one which appeals to the 
mine shift boss, the one which will give the greatest number of tons per man-shift, or 
the lowest cost per ton ; it was the method that w^as deemed capable of yielding an 
ounce of gold at the lowest figure. 

H. S. IMudd, Los Angeles, Calif. — One of the interesting points Mr. Moore does not 
Touch upon is the comparison between the ultimate result of production and profits 
and the estimates that were made before the mill was erected. Walter Wiley and the 
company’s own engineers thoroughly sampled the mine to the 6th level and made up 
a set of figures on tonnage and grade and estimates of cost. I regret that I have not 
Mr. Wiley’s figures with me, to compare -with the figures given by Mr. Moore. An 
absolute comparison could not be made because the company did not keep separate 
records of the ore mined above and below the 6th level but the net result was extremely 
close. The grade of ore and the tonnage ultimately produced agreed very closely with 
the estimates made before the mine was operated. 

The mine was equipped and worked -without departing from standard practice. 
Mr. Moore’s paper presents a picture of the life history of a high-grade gold mine of 
medium size which was developed and worked under exceptionally favorable condi- 
tions; t-wo oreshoots were exhausted and the histor^^ of the mine came to an end. 
Before profits ceased the lateral and vertical continuations of the vein were explored 
by underground workings and diamond-drill holes. The main oreshoot became 
impoverished below the Sth level and no other orebodies were discovered. After 
73-2 y^ars of operation the mine was closed dovm and its history came to an end with- 
out the long period of endeavor and hope to find other orebodies which so frequently 
happens in mines of this type and w’hich sometimes results in the dissipation of 
profits which have been earned during the earlier life of the property. 

J. A. Burgess, San Francisco, Calif, (written discussion). — I have not read Mr* 
Moore^s article on costs at the United Eastern mine, but I know pretty well what it 
contains. Mr. Moore is now with me at Copala, Sinaloa, Mexico, and we have talked 
over the article together. Inasmuch as I started the work at the United Eastern 
mine and carried it on for over four years, vre thought that a few words from me 
would be of interest. Of necessity I must write without referring to any records. 

Perhaps the most important move in starting the operation from a cost-of-mining 
point of "view was the choice of the method of mining the orebody. Yarious methods 
were considered, including those of shrinkage, cut and fill, square-setting with later 
filling, and various methods used at Bisbee, described in a paper by Philip D. Wilson.® 

® P. B. Wilson: Stoping in the Calumet and Arizona Mines, Bisbee, Ariz, Trans. 
(1916) 65, 118. 
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I had j ust come from the Nevada Wonder mine in Nevada, where I had been using 
both shrinkage stoping and cut-and-fill stoping, and I was familiar with the square-set 
method and other methods used at Tonopah. 

It had been expected, before my arrival, that the beautiful orebody of the United 
Eastern could be mined at a very low cost, but after studj’ing the situation thoroughly 
I gave as my estimate a total cost of S7 per ton for mining, milling and overhead. 
This was in the early summer of 1916, before the war had its full effect on mining 
costs. This figure was not far from the actual costs in the earlier months of operation, 
but the records show how the costs mounted during the war and again receded in the 
later years of operation. 

My first hope was that the shrinkage method could be used, as this, if applicable, 
would have lowered the cost of mining veiy considerably, perhaps by §2 per ton. 
The considerations that decided the question in favor of the cut-and-fill method were: 

1. There was a heavj' hanging wall in most parts of the niine due to the altered 
character of the andesite and to gouge seams parallel to the vein. It was obvious that 
there would be a serious slabbing of waste into the ore and even of extensive ca\'ing if 
the shrinkage method were used. This danger proved later to have been more serious 
than was anticipated, when a large block of the hanging wall, extending from below the 
•400-ft. level, began to sKde on a fault seam into the stopes. It was, of course, held to a 
safe degree of movement by the filling. Even with the small spaces opened under the 
cut-and-fill system, it was often necessary to shore up the hanging wall with lagging 
to keep back the swelling gouge. 

2. As a variation of the cut-and-fill method, it was hoped that a rill system could be 
combined, but in early operations, it was found, after the vein had been cut out for 
stoping over a considerable distance along the drift, that the vein bad a tendency to 
split off in long horizontal blocks about 5 or 6 ft. thick. This was probably due to 
side pressure from the walls added to the overhanging weight of the ore. To avoid 
trouble from this source the back was supported with posts. This tendency to split 
in large horizontal blocks, and the consequent necessity for the supporting posts, 
was incompatible with the use of sloping backs or down-hanging points such as would 
be required by riU stoping or other somewhat similar methods that were considered. 
The posts also interfered with the use of a scraper in spreading filling, although not 
to the extent of preventing its use entirely. 

3. Most of the filling was secured from inclined raises or w-aste stopes in the 
walls. This served another important purpose, beside that of making filling. It 
gave perfect assurance that no ore was being left in the walls, something that is 
difficult to do with the shrinkage system. 

4. The high grade of the ore made it imperative that no chances be taken of 
losing ore by the caving of shrinkage stopes. Later events proved that there would 
have been serious loss from this cause if the shrinkage method had been adopted. 

During my time in Oatman, the adjoining Tom Reed mine secured considerably 
lower stoping costs than the United Eastern, by using the shrinkage method, because 
their veins were narrower, the walls were stronger, and their conditions were adapted 
to the method used. Their ore, as I recollect it, assayed something like $10or$12 
per ton and they could afford to take greater chances with it. At times they mined 
$8 ore. 

In much of their mining they achieved a very low mining cost by giving the stoping 
and tramming to contractors at a per-ton rate. This again would not do with our 
S20 to $25 ore. 

Two factors that increased our cost of mining over what it would have been with s 
low-grade ore from a narrower vein were (1) the high grade of the ore and the conse- 
quent care required to avoid losses in stoping, by admixture with the filling, or other 
wise, and (2) the width of the vein, which involved the necessity of supporting tb 
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back wliile stoping. Narrow veins, with weak walls, can sometimes be woi'kcd by 
shrinkage by using stulls and headboards, ]>ut this cannot be done where the width 
runs up to 40 ft., as was the -case in parts of the United Eastern vein. 

Apropos of contracting the stoping, after I had left Oatman, I was called back as a 
witness in a law suit, and this involved a close examination of a shrinkage stope that 
was being mined at a per-ton rate. I noticed that the miner was idle for hours at a 
time, and while it was not my business, I asked him in a friendly way whether he was 
waiting for something. He knew that I had no official connection with the mines, 
and therefore confidentially told me that he was holding back on breaking tonnage 
to keep his profits dowm to a figure that would not challenge unfavorable attention 
and cause his rate to be reduced. Evidently there were still further possibilities in 
the contract sj^stem. 

A. Notman, New York, N. Y. — This paper is a most valuable contribution, present- 
ing, as it does, a picture of the complete operations of the life of a mine, and giving not 
only cost but profits and all the essential data. We owe a debt of gratitude to those 
who supplied it. 

In the tabulation of cost on page 77, under Development,’^ I presume the total 
amount did not include the development already performed at the time the property 
w^as acquired. It merely applies to what was done after acquisition. 

S. Jennings, New York, N. Y. — I agree w'^h Mr. Notman in his valuation of this 
paper. Mr. Mudd, W'ho vras largely instrumental in bringing about this development 
work, told us recently that it was possible for an organization to take hold of small 
mines and make them profitable if it had the courage to stop when it was through. 
This is an e.xample of the sound business judgment of the men who are at the head of 
this enterprise, wffio W'ere able and courageous enough to say that the profits that had 
been obtained should not be expended in hopeless, or almost hopeless search for further 
orebodies. This is an example that the engineers will have to take somewhat to 
heart. We are all, wdth our disposition as miners, full of optimism and hope, and we 
always think that just beyond some particular point there is going to be another 
orebody. We must use more conservative judgment in that respect. 

G. A. Packaed. — The point brought out by Mr. Jennings is certainly most impor- 
tant—not only as to stopping when we are through, but when we are exploring; to 
stop when we have done a reasonable amount of exploration. 

B. F. Tillson, Franklin, N, J. — ^I do not find any charge or amortization of capital 
investment which has been applied in the operating cost. It looks fine that out of a 
total growth value of some 814,500,000, a net income of $8,000,000 should be made 
from the operation, but the other limiting factor is that it would not be if $10,000,000 
had been invested. No amortization had occurred in the operating cost. So the 
story seems to me incomplete. 

H. S. Mudd. — ^I do not recall the actual figure, but I believe the investment was 
less than $500,000 for everything. 

E. W. Moore (written discussion). — A comparison between ultimate production 
figures and Mr. Wiley’s estimates would be of great interest and value but, as Mr. 
Mudd points out, records were not kept in a way that would permit a segregation of 
tonnages produced from blocks embraced by Mr. Wiley’s report. Any comparison 
would of necessity have to be based on map records of assays and vein widths rather 
than on tonnages of ore extracted and mill-head assays thereof. Such a comparison 
would be of doubtful value. 



Comparison of Branch Raise and Combined Shrinkage and 

Caving Methods* 

By Charles A. MiTKE,t Phoenix, Ariz, 

(Los Angeles Meeting, September, 192S) 

Excluding top-slicing and sublevel caving, large production caving 
methods may be divided into two general classes, the branch raise, or 
undercut caving method, and the combined shrinkage and caving method, 
each of which has a number of variations, the result of continual efforts 
towards obtaining lower costs and better extraction, by the introduction 
and substitution of minor improvements and modifications. 


Early Caving Methods 

Present caving methods are the cumulative result of developments 
covering a period of many years, with the most rapid growth during the 
past 15 years. They originated, presumably, from early English stoping 
methods, and, as far as is generally known, were first introduced in the 
Michigan iron district. They have had their greatest expansion and 
application in the large low-grade porphyry coppers. In their present 
form, they are probably a development and combination of sublevel cav- 
ing and shrinkage (back stoping on ore) with gravity handling of 
broken material. 

Sublevel caving, as practiced in the Michigan district today, is a 
combination of drift, or crosscut, mining, with top-slicing, and caving, 
supplemented by later refinements in the shape of mechanized handling 
of broken ore. A height of anywhere from 16 to 20 ft. is generally taken, 
and the ore is drilled and blasted along the drift or crosscut for half this 
height (say 8 to 10 ft.), after which the upper 8 to 10 ft. caves and breaks 
of its own weight, with comparatively little assistance from drilling. This 

*The writer was requested to prepare a comparison of so-called “block'' caving 
methods, the intent being to compare caving methods other than top-slicing, and 
sublevel caving. He does not favor the term “block" caving, because it is too general 
and not sufficiently expressive of the methods to which it is applied. All underground 
mining is “block" mining, for whatever the extraction method used, a “block" of 
ground is usually prepared for stoping operations. It may be a square “block," 
a rectangular “block," or an irregular shaped “block," but, in a wide sense, it is a 
block, or section of the orebody. For this reason, the term “block" caving has been 
omitted from the title of this article, and the words “branch raise, and combined 
shrinkage and caving methods" substituted. 

t Consulting Mining Engineer. 
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upper 8 to 10 ft. is naturaUy broken at a raucb cheaper cost than the lower 
8 to 10 feet. 

The first attempts at caving on a large scale in the Michigan district, 
known there as “block” caving, were a radical departure from sublevel 
caving systems, in that the height of ore caved was increased, from a 
former maximum of 8 to 10 ft., to a total of 100 to 125 ft. The origina- 
tors and introducers of this variation were undoubtedly spurred on by a 
desire to reduce the comparatively high cost of sublevel caving, by 
increasing the height of ore broken by caving, after the lower 8 to 10 ft. 
had been mined out by drift, crosscut, or top-slice mining. 

In this particular instance, the block of ore (approximately 250 ft. 
square and 125 ft. high) was undermined by a series of parallel drifts and 
crosscuts, which left the block standing on fairly large pillars (22 ft.). 
It was further weakened by carrying up narrow shrinkage stopes around 
the boundaries of the block on several sides. When this was accom- 
plished, the pillars were drilled and blasted, allowing the block to settle 
the height of the drifts (approximately 8 ft.), which started cracking and 
caving in the mass above. One objection to this early caving method 
was that in order to facilitate removal of the broken ore, heavily timbered 
drifts, using spiling, had to be driven through the. caved mass, and con- 
siderable hand shoveling of ore into ears was necessary. While the 
general idea of undercutting the block was a step in the right direction, 
no control of the caving ore was possible, and the recovery of broken ore 
from stopes proved costly. 

As the method was improved and given a wider application at the 
early Utah copper, the Ohio copper, and later, the porphyry copper 
deposits of the West, it was found advantageous to locate the main haul- 
age drifts a considerable distance (70 to 100 ft.) below the block being 
caved. An undercutting level, composed of a series of parallel drifts, 
was driven in the bottom of the block of ore. Between this level and the 
main haulage level beneath, an intermediate level was driven, known as 
the grizzly, or breaking level. This was usually 15 or 20 ft. below the 
undercutting level, and 50 to 80 ft. above the main haulage level, so as to 
provide chute room. Many small raises served to carry the ore, broken 
and caved on the undercutting level, to the grizzly level, where large 
boulders were blasted before they passed through the grizzly bars into 
the large chutes comprising the ore pass system, which conveyed the 
broken ore to the cars on the main haulage level below. This system of 
large incline raises, branching out into smaller raises, served to expedite 
the passage of broken ore by gravity, and did away with the old hand- 
tramming and shovel methods. 

Practically every large caving system today makes use of an ore pass 
system for the handling of broken ore. This, of course, involves a con- 
siderable expense for raising, but has been found more economical thnti 
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the early hand work, providing the height of ore caved justifies the 
expense. Practically the same amount of development put in for a 
height of 16 to 20 ft. will serve a height of 150 to 250 ft. In a 
few instances, branch raise ore pass systems have been applied to sublevel 
caving, but, in general, the limited height of the ore caved makes their 
use prohibitive. 

Important Variations in Large-scale Caving ^Methods 

As time passes, the caving methods, as practiced on a large scale, 
at the low-grade deposits, are becoming less and less distinctive and are 
gradually merging into one another, so that, at present, probably their 
greatest divergence consists in the amount of drilling and blasting 
required to break the different classes of ground and the manner of draw- 
ing the ore once it is broken. 

Hard ground requires considerably more drilling and blasting than 
medium or soft ground. Certain classes of ore will not cave readily if 
merely undercut, but require more breaking and blasting. In such 
ground, variations of the well-known room-and-pillar method are used. 

The-room-and pillar method is, of course, one of the oldest methods in 
use. In early mining, and likewise today, in certain of the harder 
deposits, the stope ore is broken by drilling and blasting, and the pillars 
are either allowed to remain in place, or, after the stope ore has been 
extracted, the rooms (or stopes) are filled with waste and the pillar ore 
mined at a later date. Where shrinkage is combined with caving, the 
stope ore is broken by drilling and blasting — ^merely the swell being 
drawn out — and, when the stopes are fuU, the pillars are undercut (or 
broken in some other manner) and simultaneous drawing of both stope 
and pillar ore commences. The back, being unsupported, gives way and 
caves, following the withdrawal of the ore. 

In the branch raise, or undercut caving method, as applied to the 
medium and soft ores, the block of ore to be mined is not divided into 
rooms and pillars, but, as previously described, is merely undercut by a 
series of parallel drifts, which may be either on the horizontal or rilled. 
From these drifts, drill holes are put up at various angles, which, when 
blasted, cause the block to drop the height of the drift, and start the ore 
running. The entire block continues cracking, breaking, caving and 
descending towards the chutes, and a continuous flow of ore is thus 
established. Caving and breaking of the block is facilitated by carrying 
up small shrinkage stopes on three and occasionally four sides, which 
isolate it from the rest of the mass, and prevent the arching effect that 
is the result of undue support of the upper portion of the undermined 
block. One of the greatest drawbacks to an efficient caving system is to 
have the block arch and “hangup,” as this introduces many complications 
such as excessive dilution with waste, air blasts, etc. 
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Where shrinkage stoping must be used, probably from 60 to 75 per 
cent, of the ore must be drilled and blasted, before drawing coipniences, 
whereas where the block is merely undercut only approximately 5 to 10 
per cent, of the ore is broken. The quantity of powder required also 
varies and with the former method may range from 0.54 to 0.70 lb. per 
ton of ore, while with the latter it may be as low as 0.16 and 0.28 lb. 
Naturally, the latter method should be, and is, the cheaper of the two, 
as less labor in drilling and a smaller quantity of explosives in blasting 
are required. In both cases, hand-tramming of broken ore is eliminated, 
and the ore runs by gravity into cars on the haulage level below. 

The type of ground to be mined is the determining factor in basing a 
conclusion as to which of these methods should be employed. Hard 
ground does not cave as readily as medium and soft ground, and is apt 
to break in massive blocks, which are unwieldy to handle. However, it 
has been found recently that by a more general use of boundary shrinkage 
stopes much ore, which was formerly classed as “hard,” can be made to 
cave, merely by breaking the block with shrinkage for only a portion of 
the height instead of the entire vertical distance. 

Grizzly Levels and Ore Pass Systems 

Generally, both the undercut branch raise caving and the combined 
shrinkage and caving methods use an intermediate level, located between 
the bottom of the block being caved and the main haulage level. This 
level, which is generally driven about 15 to 20 ft. beneath the shrinkage 
stopes, and approximately the same distance beneath the undercutting 
level (branch raise system), is known as the grizzly, or breaking level. 
Here, large boulders are broken up before they pass into the transfer 
chutes, thus reducing the annoyance of chutes “hanging up,” and facili- 
tating the flowage of ore. Early caving methods did not make use of this 
supplementary level. The Ray mines operated without one for nearly 10 
years, but where large daily tonnages are handled it has been found that 
greater efficiency, a more continuous flow of broken ore and fewer delays 
ensue when large boulders, which have a tendency to block chutes, are 
broken before they pass through the grizzly bars. Wherever the height 
of ore to be caved warrants the expense, grizzly levels are now in use 
at Ray. 

The Creighton mine at Sudbury (International Nickel Co.) does not 
use a grizzly level. The ore, which is fairly hard, is broken by shrinkage 
stoping and simultaneous pillar caving. Very large raises, or “box 
holes” as they are locally termed, are used, and the largest boulders are 
blasted in these. The ore then runs to an underground crusher, which 
reduces aU rock to 8 in. or less. Arguments are advanced by operators 
both for and against the use of grizzly levels, but, in general, it will be 
found that the grizzly level has a wide application. 
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Where shrinkage is crii ployed to break the ore, there is a question 
whether to blast the ore fairlj’ small in the stoj)es and merely break up 
large boulders on the grizzly or to do only a small percentage of breaking 
in the primary blasting operation in stopes and most of the breaking on 
the grizzly in the secondary blasting. The ore has to be broken up 
somewhere and opinions vary as to where it should be done. The Ray 
mines break most of their ore moderately small in stopes: Alaska Juneau, 
on the contrary, does by far the larger percentage of its breaking and 
consumes most of its pow’der (probably 80 per cent.) on the grizzly’' level* 
One reason for this is that, whereas the Ray ore is broken from below (the 
old method of back stoping on ore), Juneau ore is broken from above, the 
men coming down long raises from the level above, and setting off large 
powder blasts in short drifts. Once production commences, no one 
enters the stope, consequently they have no alternative but to break the 
ore on the grizzly level. The same applies to La Touche mine (Beatson, 
Kennecott), where the ore is also broken from above, the men putting in 
long drill holes from the bottom of inclined raises. These are, of course, 
merely minor variations in the method of breaking ore in shrinkage stopes. 

Drawing Ore from Caving Stopes 

The second important variation in the caving methods under dis- 
cussion is in the manner of drawing the broken ore. It is one thing to 
start a mass of ore caving, breaking and running through innumerable 
outlets below, and quite another to control the ore flow so as to obtain 
certain results at will. 

In the branch raise, or undercut caving system, the mine organization 
has removed the supports from beneath a comparatively large block of 
ground, thus bringing into play the forces of gravity. Cavities are 
formed as ore is drawn through the chutes and nature, which abhors a 
cavity, commences to fill them with whatever material is most accessible, 
regardless of whether it is ore or waste. The efforts of the organization 
are directed towards recovering the ore and allowing the waste to remain 
behind. Avoidance of dilution of ore with waste depends to a large 
extent on keeping the waste overburden intact, and lowering or caving 
it in an even and regular manner. If it is too badly cracked and broken, 
the waste, which is often finer than the ore, may find its way through 
cracks, chinks between large boulders, and funnels, or pipes in the caving 
ore, and soon reach the ^chutes, where it will intermingle with the ore 
being drawn out and lower the metallic content. 

Ideally, the overburden should be brought down horizontally, but 
there are many obstacles to such an outcome. It has been found in 
practice that if an angle of 60° away from the center of operations is 
maintained — that is, if the overburden inclines down towards the extreme 
end of the orebody at such an angle, and drawing is practiced by retreat- 

voi*. 76 — 7 
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ing towards the solid — a very large percentage of the ore can be recovered 
clean, or free from dilution with waste. It is impossible, of course, to 
get up into the caving mass and see what is happening above the draw 
holes, but experience has taught that the greater the number of draw 
holes, and the closer they are spaced together, the more even will be 
the draw (providing the right amount of ore is drawn from each point) 
and the greater the recovery. 

With shrinkage stopes, where access to the stope has been possible, 
and the ore drilled and blasted from beneath, the mass has been broken 
into boulder of fairly regular size and, consequently, drawing from such 
stopes usuahy results in a slightly better extraction than where the mass 
is broken through caving and crushing. 

Where shrinkage is used, generally two incline raises serve to conduct 
the ore from the stope to each grizzly. These latter are spaced at regular 
intervals along the grizzly level. 

In the branch raise, or undercut caving method, variations exist in 
the manner of convesdng the broken ore to the grizzly level. At Inspira- 
tion, Miami, and the Andes Copper Co., two incline raises lead up from 
each grizzly towards the undercutting level. However, midway between 
these two levels, square sets are built in each of these incline raises, and 
smaller, so-called “finger raises” driven from the sides of these square 
sets to tap the undercutting level. Therefore, the ore passing through 
any one grizzly is first drawn through eight small finger raises, then 
through the two larger incline raises which conduct it to the grizzly, 
where the boulders are broken up and the entire mass passed through 
the grizzly bars into the large transfer chute of the ore pass system. 
These large transfer chutes beneath the grizzly level are in turn branched 
so as to serve two or more grizzlies. 

The square sets in the incline raises above the grizzly level are known 
as “draw points.” Controls are placed in each of the four finger raises 
leading from them and men are stationed in the square set. It is their 
business to draw equal amounts of ore from the finger raises inTotation, 
so as to facihtate the even lowering of both ore and waste capping. Each 
of the draw points, or square sets, controls the extraction from a certain 
small block of ground directly above. There are a number of these 
draw points, and when drawing takes place from each square set and 
finger raise in regular order, the entire block of ore is gradually brought 
down. The men soon become very accurate in gaging the amount of 
ore drawn from each finger raise, and close supervision is also exercised 
from the grizzly level by the engineering department. 

There are variations in the way the square set, or drawing point is 
located, that is, the angle at which it is set, which also determines the 
inclmation of the finger raises leading from it. Inspiration sets the square 
set one way; Miami, another. At the Ruth mine (Nevada Consolidated 
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Copper Co.) the square set is built over the grizzly and all drawing is 
done from this point. As the ground is hea\’3'’, a regular grizzly drift is 
not driven and the top of the transfer raise is merely widened out suffi- 
ciently to contain the square set and grizzly. A manway is maintained 
in the transfer raise, or ore pass system, for access to the grizzly. 

Several x*ariations are also in effect at ^lorenci (Phelps Dodge Corpn.). 
One consists of driving two short incline drifts from each grizzly and 
timbering them with drift timbers. A number of small finger raises are 
put up to the undercutting level from alternate points in the sides of 
these short drifts. These provide a greater number of drawing points 
than when square sets are used. The man is in the drift, and draws 
from each raise in turn. In another part of the mine, where the ore 
is softer, it is allowed to cave right down over the top of the drift, and no 
finger raises are used at all. These variations in the method of drawing 
exist by virtue of the fact that special merits, in the form of lesser dilution 
and easier drawing ore, are claimed for each by their sponsors. 

More important than the type of finger raise, or square set used as a 
draw point, is the spacing of the draw holes where they tap the broken 


Table 1. — Spacing of Draw Holes at Various Mines 


Name of Property 

Spacing of Draw Holes, 
Center to Center, Ft. 

, Area Served 
by Each, Sq. 
Ft. 

Inspiration Consolidated Copper Co, 



Miami Copper Oo. 

Andes Copper Co. 

Eastern Iron Mines. 

■ 12H br 12K i 

156J4 

Nevada Consolidated Copper Co, 

Ray mines, hand-tramming method 

Ruth mine (Nevada) 

Nevada Cons. Copper Co. 

Ray mines, motor-haulage method 

! 

I 

12H by 20 

250 

Phelps Dodge Corpn. 

Morenci mines, combined shrinkage and caving. . 

14 by 14 

196 

Bisbee district 

15 by 15 

225 

Another variation in use in Arizona mines : 

12H by 25 

312H 

International Nickel Co. 

Creighton mine 

Grizzlies staggered 
along drifts. 

30 by 50 

750 

Kennecott Copper Co. ! 

La Touche (Beatson) ‘ 

Box holes staggered 
along drifts. 

40 by 60 

1050 

Alaska Juneau Gold Mining Co 

42 by 80 

1680 
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ore above, and the area served by each. If these openings are too far 
apart, the ore lying between is apt to form an inverted cone, with pipes, 
or mill holes, directly over the draw points, through which the upper and 
more distant ore is drawn, while the piled up rock on the sides remains 
unmoved. Naturally, this reduces the total recovery, and also increases 
dilution. On the other hand, there is a limit to the close spacing of 
these openings, as there is considerable wear and tear on the sides of the 
finger raises, due to the passage of large quantities of broken ore, and if 
the rock forming the walls of the finger raises is soft, and the openings 
are too close together, they are likely to wear through and merge into 
one large glory hole, thus defeating the purpose for which they are 
intended. 

Table 1 gives an idea of the spacing of the draw holes, or tops of draw- 
ing raises, at the various properties, where the combined shrinkage and 
caving, and branch raise, or undercut caving methods are used. 

The amount of ore served by a group of finger raises or draw holes, 
controlled from a square set or given drawing point, is usually estimated 
before drawing commences. Assuming that a ton of ore is equivalent to 
12K cu. ft., each block, 12}4 by ft. square, and 1 ft. high, would 
contain 123-^ tons. When the height of ore to be caved is known, the 
contents of the block can readily be estimated. This is generally known 
as the “expectancy.” A record is kept of the cars of ore drawn from 
each of the blocks served by the control points, and a comparison of the 
totals of these two will give a good idea of the recovery obtained. 

Minor Variations in Caving- Methods 

In addition to those already described, there are a number of 
minor variations. 

In the shrinkage stope and simultaneous pillar-caving method (com- 
bined shrinkage and caving), there are variations in the width of stopes 
and pillars used (these depending on the character of the ground); 
likewise, in the height of ore mined in any one lift. If the ore breaks and 
runs weU, a considerable vertical height may be taken. On the contrary, 
if the ore is wet, sticky or “packy,” tends to pipe or clog in the chutes, it 
is better to take shorter lifts. 

Then there is the question as to the manner of breaking the ore, 
whether to use stopers, and break the ore in the old-time fashion of 
back stoping on ore, drilling the rock overhead; to take it off in horizontal 
slabs, using drifters, or to break it in steps or rills. It may also be broken 
in a more general way, by setting off large powder charges, placed either in 
long drill holes or in powder drifts driven for that purpose. Some 
companies use steel of ordinary length while others prefer 16 to 20-ft. 
lengths. Naturally, this blasting breaks the ore into large boulders, 
which must be broken up a second time, either in the stope, on the grizzly. 
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or, if no grizzly is usetl, in the large chutes leading from the stopes. The 
choice of a location for this secondary breaking gives rise to other minor 
variations. There are also variations in the location of grizzlies, some 
being placed in the center of the drifts, others along the sides, alternating, 
first one side and then the other, or in other words, staggered, while still 
others are placed in short offset drifts. 

In the branch raise, or undercut caving system, the minor differences 
consist in whether the undercutting level is horizontal or rilled; in the 
vertical distance between the undercutting and grizzly and the grizzly and 
haulage levels; and also in the horizontal spacing between the parallel 
drifts that comprise these levels, w'hieh, in turn, to a large extent governs 
the spacing of draw holes. Variations in the location of the square sets, 
or drawing points, and the finger raises tributary to them, have alreadj^ 
been described. There are also minor differences in the manner in which 
these square sets are timbered. The ordinarj’ square set is used in some 
cases, while in others, additional timber supports in the shape of the 
letter A are used. 

Cost of Cavixg Systems 

The caving methods (exclusive of top slicing and sublevel caving) 
are all low-cost methods. As applied at certain properties, some cost 
less than others, depending largely on the character of the ground, how 
close the draw holes are spaced (which governs the amount of raising 
required), and the amount of care and supervision that must be exercised 
in drawing to keep the dilution with waste at a minimum. 

The problems of fill, support of back, or timbering (except for the 
draw points and certain sections of the drifts) do not enter into the selec- 
tion of a large production caving method for a new orebody, the funda- 
mental points involved being the way in which it is proposed to break 
the ground, and, having broken it, how it shall be drawm, so as to permit 
the highest recovery of the metal with the least amount of dilution, the 
cost of extraction, of course, taking into consideration the value of the 
metal content. 

Where it is agreed at the outset to accept dilution of the ore with 
waste, large tonnages can be broken at one time, and very little super- 
vision need be exercised over the draw. Consequently, a very low mining 
cost is possible. Alaska Juneau, on account of the characteristics of the 
ore and surrounding waste, accepted dilution in the selection of the caving 
method in use. The mine produces 10,000 tons daily, the ore being 
broken by large powder blasts, somewhat similar to those used in quarries 
and railroad cuts (21,000 lb. of powder set off at one time resulted in the 
breaking of 250,000 tons of ore, which proved to be a key block and caused 
the subsequent caving of 3,000,000 tons of ore a few hours later))’^ 

* A Modern Way of Breaking Ground. Engng. efc Min. J nl. (1928) 126, 546. 
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Neither close spacing of draw holes nor close supervision of drawing is 
exercised, and a remarkably low mining cost of about 25 c. (including 
supervision) is obtained, but 56.8 per cent, of the tonnage mined is sorted 
out as waste, before milling. 

At Ray, on the contrary, most of the ore is hard and must be drilled 
and blasted by shrinkage, in some parts of the mine from 50 to 75 per cent, 
of the ore being broken in this maimer. Close spacing of draw holes is 
practiced, as otherwise the ore pipes and a small total recovery would 
result, and close supervision of drawing is also necessary to maintain the 
grade. The mining cost for 1927 was 0.7696 c. per ton® (inclusive of all 
overhead but excluding depreciation, taxes and prepaid development), 
with a dilution of probably 5 to 10 per cent, on a daily production of 
8000 tons. 

Aliami, with a class of ore that lends itself far more readily to caving, 
needs only to undercut the mass, drilling possibly anywhere from 5 to 
10 per cent, of the ground. Close spacing of draw holes is practiced and 
close supervision of drawing is enforced. As a result, a mining cost of 
41 c. (exclusive of general expense) is obtained,® with a dilution of between 
5 per cent, and 10 per cent, on approximately 12,000 tons daily. 

Organization and Sxtccesseul Adaptation op Caving Methods 

For a caving method to be a complete success, every man in the 
organization must be trained to do his part efidciently. Men should be 
tried out at different jobs and then assigned to the work to which they 
are best adapted. Some may have special aptitude for driving haulage 
drifts, others for driving small grizzly drifts, while still others are better 
at raising, and this work is again subdivided into large and small raises. 
Some men show special efficiency in timbering stopes, others in timbering 
drifts. Altogether, there are at least 12 distinct classes of work neces- 
sary in preparing a block of ground for caving. The lowest cost per ton 
in preparing a block of ground for caving has been obtained where con- 
tract prices have been figured out for these different classes of work. A 
low wage scale for such work does not always imply a low total cost. 
Frequently, better results are obtained where the men receive higher 
wages through contract. This applies equally to deposits of very low 
grade. Therefore the working out of a proper contract or bonus system 
and the selection and training of the right men for each particular filaag 
of work are important duties of the organization. 

At one large low-grade property one crew of two to six men drives the 
large 8 by 8 ft. haulage drifts. These are followed by a timber crew. 
Another crew drives the smaller 5 by 7 ft. grizzly and undercutting 
drifts; still other crews put up the raises and install the grizzlies, and so 


® Annual Report for 1927. 
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on through the different classes of work necessary in the preparation of the 
block for drawing. These crews are rarely interchanged, as they are 
made up of men who have been selected because of their aptitude for 
their particular kind of work. Instead of a straight wage of So.OO the 
men earn from 85.50 to S8.00 on contract, and the company also benefits 
because the work of preparation is done more quickly and cheaply than 
when done on the regular day’s pay. WTien the work is finished in one 
block of ground, the men are transferred to another. 

After a block of ore is prepared for drawing, the same care should be 
exercised in selecting men to control the draw. These “chute tappers” 
should have special aptitude for sizing up volumes, as they must gage the 
amount drawn from each finger raise solely by the time involved in draw- 
ing, and by personal observation of the tonnage drawn. Some men can 
do this more readily than others. They must also know how to displace 
boulders in finger raises, in order to expedite ore flowage and avoid 
delays, when these raises frequently become choked. The shift bosses 
and engineers who supervise the draw should also receive training, so 
that they can accurately supervise the volume of ore coming from each 
raise. They should be able to take tonnage figures from the ore cars 
below and proportion them over the different finger raises above, so as to 
make sure that the capping is drawn down evenly. Accuracy and 
promptness are two necessary qualifications for both the chute tappers 
and the supervisory force. 

At most camps contract and bonus prices are paid only for develop- 
ment work, but several companies are expanding these to include the 
stoping and are obtaining very good results. The bonus is based on the 
tonnage produced and the assay value of the ore mined, and includes not 
only the men in stopes but also those on the tramming level, and the 
supervisory force as well. In this way a premium is paid on quality as 
well as quantity. 

In conclusion it may be stated that the successful operation of the 
caving systems depends not only on a selection of the right method, 
but also very largely on the proper application of that method by the 
mine organization. 


DISCUSSION 

F. W. Maclennan, Miami, Ariz. — So much has already been written on the 
various details of block caving that I do not think I can add an3rthing of general 
interest. We have done a great deal of mining at Miami by various caving methods 
and it might be worth while to call attention to some of the features that are important 
in connection with that operation. 

To begin with, it is of prime importance to size up carefully the orebody from the 
point of view of hardness or strength or toughness, degree of fracturing, etc., in order 
to determine in advance as accurately as possible the areas which it would be necessary 
to undercut in order to promote caving, and which at the same time would not result 
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in excesfcsive weight and excessive maintenance charges. The system at present used 
at Miami was developed primarily to meet the necessity of obtaining a very low cost 
whicli was imperative on account of the very low grade of the ore, which is less than 
0.8 per cent, sulfide copper. As a considerable proportion of the total mining cost is 
tlie cost of sinking the shafts, driving the haulage levels and transfer raises, grizzly'' 
levels, ore-drawing raises and the actual preliminary mining of the ore to promote 
caving, it follows that if this work can be applied to a high lift of ore rather than a 
shallow lift, the expense will be spread over a larger tonnage and in this way largely 
reduce it, and with this object in view it was decided to undercut and draw lifts of ore 
at Miami averaging approximately rSOO ft. thick, which has resulted in attaining an 
over-all cost, including development and delivery to the crusher plant of 38.76 c. per 
ton for the 11,947,178 tons of ore mined to date. This cost is ver}’- close to the esti- 
mated figure before mining operations were started. The ore is being mined at the 
rate of approximately 12,000 fons per day. 

As pointed out, the undercutting and caving of high lifts of ore reduces the cost 
considerably, hut on the other hand, it increases the difficulties of control of ore draw- 
ing to avoid admixture of waste and to avoid throwing excessive weight on the extrac- 
tion openings. To control the ore drawing, it is necessary that the ore be made to 
cave to predetermined boundaries. With low lifts of ore, this has been reasonably 
well accomplished in the past by putting up narrow shrinkage stopes along these 
boiuidaries, but with high lifts of ore this practice would result in throwing excessive 
weight on the extraction levels and probably completely wrecking them. To take 
care of this at Miami, boundary caving drifts were driven around the entire boundary 
of each stope, which is 150 ft. wide by 300 ft. long, at vertical intervals of 30 ft. This 
vertical interval was later changed to 45 ft. and the backs of the drifts shot in. The 
former interval had the effect of weakening the boundary plane by one-quarter and 
the latter by one-third. This method causes the back of the stope to hang up and 
become stressed to such an extent that the tendency is for it to break up into small 
fragments; this is very much to be desired and prevents tJie dropping of the entire 
back of the stope as a solid plug, which happens where the stope is completely cut off 
around the boundaries b}' shrinkage stopes. When this happens the inevitable result 
is the wreckage of the extraction openings below. 

The Miami orebody would be termed weak ground; if it is undercut over an area 
of, say, 150 by 300 ft., or even 150 ft. square, it will ultimately cave. Sometimes this 
occurs immediately and sometimes the back of the stope will hang up for a month or 
more until the daily dropping of small amounts of ore from the back culminates in a 
general cave-in. This is usually accompanied by evidence of more or less weight on 
the timbering in the extraction openings below. 

The present method of mining at Miami has been in operation for three years, 
with very satisfactory results, and it is apparently well adapted to this particu- 
lar orebody. 

F. Ayer, Morenci, Ariz. — Our system of caving at Morenci is more or less similar 
to that being used at Miami and Inspiration, except that we draw from the grizzly 
level instead of from a ponj" control set between the grizzly level and the undercut 
level. We have an ore which is very much harder than the Miami ore; in fact, I do 
not know of any place in the world where harder ore is being caved than at Morenci. 
This involves certain changes in our method of mining. For instance, we cave by 
checkerboarding the undercut level into small blocks about 8 by 14 ft., and blasting a 
line or part of a line at a time. We cannot get very far ahead with our undercutting 
for fear we will drop an immense chunk which would throw imdue weight on the 
grizzly level timber and be very difficult to re-undercut, break up, and pull down into 
the chutes. On account of having “big"’ ground the ore breaks in large pieces and 
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proviously roquirf‘<l un cnontiojiF amoTiTit of li:irn?noririjj; to fret it tlirongli tlie lO-in. 
j£,riz7Jios. I'o n^ducc. ialxjr rusts wo Iinvo w idoin-d the jrrizzly spn«*injr to Xhand IS in. 
This liMS resulted in a. \'ery iiiark(‘d iiu‘rt*a<e in efheieney. A year ago tlio total 

sto})ing offiei(mey was about tons pra- inau, while n»»w it i- tjver ^0 U>u.s per man, 
and wc are g(‘lting alauit tons per eliuto tapper, 'j'his inerease is not due solely 
lo wider grizzlies. Tliere have l^eoii many oriier ehatigt'S. such as improvement in 
timber design on tlie grizzly level, whicli lias done away with a lot of repair work; 
scheduling of stope development work on and above the grizzly level so that only one 
crew operates in any grizzly drift at a time; tlie eliiniiiarion of a large amount of 
shrinkage st oping, etc. However, the gi’oater pan of the increasefl improvement in 
efficiency has been due to the wider giizzlies. 

There is danger in using a very wide grizzly if proper pre<*auTions arc not taken. 
During the last month we have lost one man through a Kkin. grizzly. To do away 
with this danger wc now have a safetj' belt on every chute tapper. To thi.s belt a rope 
about 9 ft. long is attached and the other end is made fast to a cap ti or S ft. hack from 
the edge of the grizzly. This enables a chute tapi)er ro jump back 12 or 1(5 ft. in case 
a large boulder roils out to one side of the grizzly. It also makes it practically impos- 
sible for the chute tapper to fall through the grizzly iiito the chute. 

\Mien I was at the Moctezuma Copper Co. property we lost two men at our 
Pilares mine through 10-iii. grizzlies, and at other mines where I have worked men 
have fallen through spaces less than 10 in., so you can see that grizzlies with most any 
spacing commonly used are hazardous if proper precautions are not taken. 

I w’ould like to ask Mr. Maclennan — Have you lost any mou through 10-in. grizzlies? 

F. W. MACLByNAN. — Not lately. 

F, Ayer. — Where at Miami they are using 150-ft. slopes, the sloping panels in 
Morenci are 112 ft. w'ide and may extend almost any length. Each panel is served by 
two haulage drifts 56 ft. apart, and ore is drawn off through double chutes spaced 28 
ft. center to center along the length of these haulage drifts. This spacing was chosen 
so that ore may be drawn simultaneously from two or more chutes into 10-ton cars 
which are 14 ft. from coupling to coupling. Inclined raises are driven from motor 
level chute sets on both sides at 75° inclination to grizzly level 50 ft. abo\'e. Grizzly 
drifts are run over these raises at right angles to direction of haulage drifts. Grizzlies 
are cither 14 or 18 ft. apait along grizzly- drifts, and finger raises are driven out from 
each side of each grizzly to the undercutting level 20 ft. above the grizzly level. The 
raises are belled out ahead of or during undercutting, and a spacing of 14 by IS ft. 
centers betw-cen raises is maintained. 

Stoping is commenced by connecting on the undercut pilot raises driven along the 
panel boundary. The backs of these raises are blasted down and a shrinkage stope 
about 6 ft. w’ide is carried up to the capping or near enough to it so that the back will 
ravel up to the capping, and cutting off of the panel longitudinally is assured. It has 
been possible in sections where the ore caves more readily to carry shrinks up about 30 
ft. and then omit shrinking a section of about 50 ft, in length and carry the shrink up 
on each side. This gives the longitudinal section a sawtooth appearance, and has 
resulted in quite a saving. Previously transverse shrinks were carried across the 
panels but this practice has been discontinued. Undercutting drifts are started as 
soon as panel is cut off by shrink on each side. These drifts are run over the finger 
raises from grizzly level at 14T.ft. intervals and crosscuts are driven every 18 ft. The 
undercut is thus checkerboarded and as two or three 14 by 18 ft. squares are ready 
they are drilled with a standard fan-shaped round which breaks the ground between, 
and also breaks about 5 ft. over the drifts. As said before, it is not good to allow too 
big an area to be undercut. A smaller area and a longer time allowance for strains in 
the rock to be set up yield the smallest sized pieces of ore when caving starts. The 
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gangue, being quartz monzonite porphyry, presents some different problems in caving 
from that in Miami district, where the chalcocite is in schist, but on the whole caving 
in this hard ground is proving very satisfactory. 

G. J. Young, San Francisco, Calif. — ^As I understand it, the Miami mining method 
has been pretty well applied over a considerable area, but when the point has been 
reached where a given area has been completed with respect to alternate stopes, there 
are blocks or “pillars*^ between the worked out and caved blocks. I would like to 
ask Mr. Maclennan if work has been started on these in-between areas, and if so, how 
they have acted. 

F. W. Maclennan. — We started mining the first pillar stope last fall, almost 
exactly one year ago. This stope contained approximately 1,100,000 tons and to 
date we have mined about 1,000,000 tons, or about 90 per cent. The results have 
not been quite as good as the average of the original stopes, either from the point of 
view of -costs or extraction of metal. This was due to excessive weight in the pillar 
stope, which caused a large amount of maintenance and increased the cost, and to a 
large number of chutes off the ore-drawing list, which decreased the extraction. 

Making use of the information gained in mining out the first pillar stope, the size 
of the second pillar stope was reduced from 150 by 300 ft. to 150 by 150 ft. This 
stope was started last Spring and 100 per cent, of the ore has already been mined with 
costs only slightly higher and metal extraction considerably better than the average 
of the original stopes. 

In spite of the fact that we peranit the capping which has followed the ore drawing 
down from the surface in the original stopes to settle for approximately a year, so 
that it will afford substantial support on the boundaries of the pillar stope, we must 
expect greater weight in mining out the pillar stopes but we have every confidence 
that this operation will present no considerable difficulty now that we have cut down 
the pillar stopes to one-half their original size, and we expect the extraction from these 
pillar stopes to be fully as good as the extraction from the original stopes, as the tenden- 
cy of the ore, once it is thoroughly broken, is to draw down vertically and not from 
the sides, so we do not expect dilution from the waste filling in the original stopes. 

The capping at Miami runs much more easily than the ore, because as a rule it 
breaks finer, so it is necessary to exercise care m the control of ore drawing. Our 
records to date show that 25 per cent, of the ore is drawn from a stope before capping 
first appears and 78 per cent, of the ore is drawn clean. 


F. Ater.— Our capping, if anything, is harder than our ore, being highly silicified. 
It breaks into larger chunks than the ore, and for that reason we do not have trouble 
with piping, which properties in Miami have, as the finer the ore or the cappmg the 
greater the tendency to pipe and allow waste to flow in at the top of the pipe. With 
our coarser capping over rather coarse broken ore we do not have to guard against 
dilution from capping as do they at Miami. 


F. H. Pkobert, Berkeley, Calif.— It would be unfortunate to inject at this time 
any academic discussion on so interesting a subject as '"caving methods,'" but for the 
benefit of the inexperienced, perhaps for the good of all who may have these problems 
of deciding upon mining practices presented to them, would it not be weU for us to 
pronounce the alphabet and clearly define the terms we use ? I have heard referP^PP 
to ""hard," "very hard," "soft," ""altered," “highly silicified" and ""porous " rocks. 
These words are relative, they do not mean anything imless you have a standard 
clearly in mind. The likelihood is that entirely different interpretations obtain in 



DISCUSSION 


107 


different districts. We need a common yardstick with which to work in any descrip- 
tions of mining methods or comparisons of practices in different mining districts. 

We have many standardized mining methods; perhaps too many. Nevertheless 
it is true that there are no two orebodies alike, and no two mineral deposits identical in 
character, physically or chemically. We cannot change a mineralized mass to suit 
our past experience; we must, then, in the development of new fields, looking to the 
improvement of mining practices, adapt our knowledge to conditions as we find them. 
I plead for a common language that we will all speak and can understand when 
describing these problems. 

I remember reading the excellent papers written by G. Townsend Harley* and 
Gyss and Davis^ dealing with the physical character of rock masses; a subject demand- 
ing most careful study. More such contributions are highly desirable. 

There are but two kinds of rock, all -isms and -ologys to the contrarj' notwithstand- 
ing — ore and waste. The thing is to know the difference. As our knowledge of the 
way rocks behave under varying conditions of stress and strain, natural or induced, 
advances, the waste of yesterday may be the ore of tomorrow, but before much prog- 
ress can be made either in investigation or exchange of experiences we must agree 
upon the definition of terms, and the language in which we express our thoughts must 
be intelligible to all. 

E. D. Gardnee, Tucson, Ariz. — The United States Bureau of Mines is getting 
under way a comprehensive study of mining methods. Particular attention will be 
paid to the factors affecting costs and the reasons for the choice of different methods. 
With the cooperation of the operators, the A. L M. E., and perhaps other agencies, I 
believe that results of value to the industry will be obtained. Without the active 
cooperation and support of the mining companies particularly, such an investigation 
could not be successful. 

I also wish to second Dean Probert’s plea for the adoption and use of terms that 
will have the same meaning in all parts of the country. 

E. P. Mathewson, Tucson, Ariz . — 1 would like to have someone offer a definition 
of ‘'hard rock.” I realize that this is diflScult to do. 

F. Wi Maclbnnan. — ^It is not easy to define the terms “hard,” “soft,” “tough,” 
etc., as applied to ore or rock, as these would vary, depending on the point of view. 
For instance, from the point of view of drilling, a rock or ore might wear out the drill 
steel rapidly and be called hard, while, on the other hand, it might cave very readily 
when undercut, due possibly to thorough fracturing, and from the point of view of 
mining it might be termed soft in contrast to its terminology from the point of view 
of drilling. 

Regarding the use of a grinding mill to test rocks for hardness, one rock might 
classify one way under coarse crushing and another way under fine grinding. The 
particular ore in the Miami mine, which is a highly silicified schist, is very easily 
crushed down to 4 mesh because it is very thoroughly fractured, but from this point 
down to about 60 mesh the fine grinding is much more difiScuIt, on account of the 
siliceous character of the ore. 


* G. T, Harley: Proposed Ground Classification for Mining Purposes. Engng, & 
Min. Jra. (1926) 122, 368, 413. 

^ E- E. Gyss and H. G. Davis: The Hardness and Toughness of Rocks. Min. & 
Met. (1927) 8, 261. 



liquid-oxygen Blasting at Chuquicamata, Chile 

By H. C. Schultz* and P. K. Middleton Hunter, f Chuquicamata, Chile 

(New York Meeting, February, 1928) 

Ceetaix local conditions were known to govern in large measure the 
successful adaptation of liquid-oxygen explosives to the large-scale 
blasting at Chuquicamata. The wide variation in hardness of the rock 
at this mine makes necessary the use of several types of explosives. A 
locally manufactured, relatively cheap black powder is used in blasting 
the softer waste and capping material, Where a thorough displacement 
breaks the ground sufficiently. Before the introduction of L. O. X., an 
ammonia dynamite of about 65 per cent, strength was being used exclu- 
sively in the harder underlying orebody, where a strong disruptive as 
well as a displacement effect is required for breaking the ore. The 
L. O. X., as developed for quarry work in the United States, has a prac- 
tically pure carbon cartridge material, and the explosive has an extremely 
high rate of detonation, which should therefore cause it to develop usefully 
its full disruptive effect in hard ground. 

The individual blasts at Chuquicamata are large, black-powder shots 
which dislodge masses of rock averaging 250,000 tons each, and dynamite 
shots which dislodge masses averaging 80,000 tons each. It was desir- 
able, therefore, to attempt to displace with L. O. X. the faster, higher-cost 
ammonia dynamite used in the smaller blasts. It was not considered 
practical to attempt to displace the low-cost black powder with L. O. X., 
as estimated costs showed no probable saving if this were accomplished. 

Since it was desirable to continue shooting relatively large blasts for 
effective operation, it was recognized that larger storage facilities than 
had been in use would be needed for the liquid oxygen. Because of the 
difficulty of transporting and discharging large storage containers of 
efficient design, the better plan appeared to be storage and discharge of 
the liquid at the place of manufacture, and transportation of the filled 
soaking boxes to the blast. 

Present Liquid-oxygen Plant 

An experimental unit with a rated capacity of 75 liters per hour was 
erected during the latter part of the year 1926 to prove the effectiveness of 
L. O. X. at this mine, its cost, and possible efficiency of large-scale 
storage of the liquid. With this experimental unit 200,000 tons of ore 

* Assistant Engineer, Chuquicamata Mine, Chile Exploration Co, 

I Junior Engineer, Chuquicamata Mine, Chile Exploration Co. 
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is being blasted monthlj’; a total of 1,20,), 700 tons has been blasted 
with L. 0. X. to Oct. 31, 1927. 

The air is compressed to 853 lb. per sq. in. in a three-stage Ingersoll- 
Rand compressor. The high-pressure decarbonizing apparatus and the 
Claude system liquefaction apparatus were supplied by L’Aire Liquide, 
from Paris. 

The flow sheet (Fig. 1) differs from that shown by O’Xeil and Van 
Fleet^ in two respects. In the first place, the decarbonizing or scrubbing of 
the air is accomplished after it has been compressed; this saves floor 
space and probably something in the initial cost of a plant, over the other 
method of scrubbing at atmospheric pressure before compressing. In 
the second place, the wmrk done by the expansion engine on its piston is 
utilized to run a direct-connected surpressor which recompresses part of 
the main air circuit entering the liquefaction apparatus to 2845 lb. per sq. 
in. (for facilitating liquefaction by its expansion later), instead of convert- 
ing this work into electric energy in a generator, or dissipating it as heat. 

The expansion engine has been the cause of more operating delays 
than any other part of the liquefaction apparatus. It requires a relatively 
frequent changing of piston packing leathers, and frequent close adjust- 
ment of the valves. 

Plant production is not quite the rated 75 liters per hour, but ordin- 
arily about 73.5 liters per hour. It varies within limits determined by 
the perfect working of all machines; any wear on packing leathers, slight 
clogging of heat exchanger tubes, or freezing of the liquefying apparatus 
with ice or solid carbon dioxide immediately has its effect in decreasing 
production. The plant is operated 24 hr. daily, including Sundays, to keep 
storage losses at a minimum. 

Storage of Liquid Oxygen 

The problem of storage on a large scale was submitted to the Purox 
Co. of Denver, which had had experience in the design of the smaller 
vacuum wall containers. Consideration was given to the insulating 
quality of Vacuum and solid insulating material for large liquid-oxygen 
containers. L. E. Bedortha, of the Purox Co., estimated that a container 
holding 1000 gal. would require an insulating layer 10 ft. thick (of cork 
board, mineral wool or similar insulating material) to equal the insulating 
value of a 1-in. vacuum space (vacuum coixesponding to an absolute pres- 
sure of 0.0001 mm. of mercury). This would mean a cumbersome storage 
tank 30 ft. high by 25 ft. diameter. Some disadvantages of such a 
container are: 

1. Adequate support would conduct heat into the container. 

^ F. W. O’Neil and H. Van Meet: Liquid Oxygen as an Explosive. Trans. (1926) 
74, 690. 


CHILE 










Fig. 1.— (Con«Mwed.) 






112 LIQTJID-OXTGEN BLASTING AT CHGQGICAMATA, CHILE 

2. The large amount of insulation material would tend to pack and 
lose efficiency. 

3. Unless housed airtight it would collect moisture and lose efficiency. 

4. Very long filling and discharge piping would be required, increasing 
evaporation losses. 

Details of design of large double-walled vacuum-space containers were 
stated by Mr. Bedortha to be as follows: 

1. It is essential that a metal be used which is impervious to gases 
(in so far as that is possible) and also which is not weakened by the low 
temperature of liquid oxygen. 

2. All seams and joints must be vacuum-tight. 

3. The walls of the vacuum space must be of such material that when 
highly polished they will exclude radiant heat. 

4. The construction must be such that immediately after the polishing 
of the walls of the vacuum space is completed, the container can be com- 
pletely assembled and the vacuum estab- 
lished. Thus it must be possible to quickly ■ 
join the inner and outer neck tubes in a 
rigid, vacuum-tight joint. 

5. The diameter and gage of the inner 
neck tube must be held to the minimum, 
allowing sufficient strength to support the 
weight and sufficient size to accommodate 
pipes for filling and discharging. 

6. It is also necessary to provide a 
means of spacing the inner and outer shells 
which will not allow one shell to move with 
respect to the other during transportation 
and which may be removed when the 
container is in use. 

7. Means must be provided for main- 
taining a vacuum corresponding to an 
absolute pressure of 0.0001 mm. of mercury. 

8. Means must be provided to prevent 
injury to the container caused by the con- 
traction of the metals at low temperatures. 

Three 1000-gal. vacuum wall containers were decided on to store the 
production of the 75-liter plant for a week. These containers were built 
by the American Welding Co. under the supervision of L. E. Bedortha, 
of the Purox Co., who tested them and found them vacuum-tight before 
shipment was made. The steel walls on either side of the vacuum space 
are % in. thick and lined with sheet copper, polished to a mirror finish. 
The vacuum space was filled with dry nitrogen to prevent tarnishing of the- 
copper during shipment. 
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One set of vacuum pumping apparatus is used for each container. It 
consists of a Gaede mercury diffusion pump, connected to the vacuum 
space through an air trap, and backed by a Cenco-HjTac oil pump; the 
degree of vacuum is read on a Columbia gage. The arrangement of this 
apparatus, shown in Fig. 2, was worked out by ^Ir. Bedortha, and A. M. 
Rodgers, of the mine staff, set up the apparatus without difficulty and 
reevacuated the containers to a degree closely approximating that 
estimated as possible when the containers were designed. Fig. 3 shows 
the average vacuum maintained while keeping the tanks constantly in 
operation, and shows the loss of liquid oxj’gen in liters per hour cor- 
responding to various degrees of vacua. 





rvolc' 


Ar 

l093. 


Fig. 3. — ^Relation of loss of liquid oxtgen to degeee of vacuum in 1000-gal. 

VACUUM WALL CONTAINBBS. 


• Pumping must be constant, at least during the time when tanks con- 
tain liquid oxygen to hold the necessary fine vacuum. It was not con- 
sidered advisable to use a charcoal absorbent for small amounts of gas 
seeping into the vacuum space, as is done in smaller containers, because 
of the difficulty of its renewal. 

The three containers have a total capacity of 10,000 liters and require 
one week to fill with liquid oxygen. The containers are set below floor 
level of the plant to allow them to be fiUed by a gravity flow from the 
liquid-oxygen draw-off valve. 


Filling and Discharging 

The liquid oxygen is conducted from the draw-off valve to the storage, 
containers in a %-m. copper pipe inside a 3-in. hair-felt insulated housing 
pipe containing a counter flow of cold, evaporated oxygen gas. 

VOL. 76 — 8 
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The evaporation loss during filling is proportional to the length of 
filling pipe leadingto the several containers. For the insulation above de- 
scribed this loss has been determined as approximately 0.2 liter per hour per 
lineal foot of filling pipe under average conditions of cold gas insulation. 



PiQ. 4 . — ^Arbanoement foe filling and discharging liquid-oxygen storage 

CONTAINERS. 



Fig. 5. — !Filling four soaring boxes simultaneously. 

The storage containers are discharged at 15 lb. per sq. in. air pressure 
through a cotton-covered IJ^-in. flexible metal hose to an insulated 
manifold pipe, and from this pipe through %-in. flexible metal hoses into 
four soaking boxes simultaneously. About 20 min. are required to fill 
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four soaking boxes in this fashion; one-haK the soaking time of the 
larger cartridges. 

Meastjeement op Plant Production and Evaporation Losses 

Since the plant production is constantly varying slightly, and it is 
desirable to know both total production and the various evaporation 
losses with accuracy, it is necessary to keep records of the degree of 
vacuum in the containers, of the rise of the liquid during filling, of its 
fall when not filling, and of the gas evolved. The gas is measured in an 
aspirator under given conditions of temperature and pressure, and calcu- 
lated to a corresponding loss in liters of liquid per hour. By TnaVing 
these various measurements under numerous different conditions, Mr. 
Rodgers has been able to state accurately the total plant production, the 
fiUing-pipe loss, the storage loss and the “ cooling-down loss ” when it is 
necessary to recool a container. On the basis of a week’s production, 
fiUing three storage containers, the filling-pipe loss averages 5 per cent, of 
the liquid manufactured, and the total storage loss, including cooling- 
down losses, averages 22 per cent, of the liquid manufactured. 

Cartridge Plant 

This plant is in large part an adaptation, of the pioneer work of George 
B. Holderer, of the Air Reduction Co. Mr. Holderer devised the mix- 
ture we are now using, consisting of 65 per cent. Bugbird (a coarse- 
grained carbon produced by a special process of burning wood pulp), and 



Fig. 6. — Soaking boxes on flat cab at L. 0. X. plant. 

35 per cent. Huber gas black. The coarse material gives the large cart- 
ridge mechanical strength, and the fine gas black largely determines its 
high rate of detonation, and supplies it with good absorptive and retentive 
qualities for the liquid oxygen. The wrapper or bag material used is No. 
8 cotton duck. Two sizes of cartridges are being made, one 7 in. dia. 
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by 20 in. long, weighing S Ib., for colunin loading in 8-in. drill holes, and 
one in. dia. by 12 in. long, weighing lb., for loading in 6-in. 
chambered drill holes. 

The carbon material is shipped froni the United States in bags. It is 
mixed, in the proportions given above, in an electrically driven batch- 
mixing machine and elevated with a bucket conveyor to the hopper of the 
packing machine, as shown in Fig. 7. The packing machine* (Fig. 8) was 
designed to be heavier and larger than those in use in the United States 



Fig. 7. — Batch mixer and elevatok for carbon blacks. 

to pack larger cartridges than have been used elsewhere. As many as 
1000 cartridges each weighing 33^ lb. have been packed in an 8-hr. shift 
by three Chilean workmen. This includes mixing the carbon but does 
not include time of cutting and sewing bags, which is a somewhat 
slower operation. 


Soaking op Caetridgbs 

The soaking boxes are 36 in. wide by 72 in. long by 22 in. high, inside 
measurements. Each box holds 50 of the 7 by 20-in. cartridges or 125 of 


* F. W. O'Neil and H. Van Fleet; Op. at., 695. 
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the 53>^ by 12-in. cartridges. Twelve of these boxes are equivalent to the 
10,000-liter storage capacity. The soaking boxes are carried on two 40- 
ft. flat cars, which have steel roofs to shade the boxes from the sun. 

Two kinds of boxes have been built, some with 1-in. hair-felt insula- 
tion and others with 4-in. balsa wood insulation. The latter have proved 
nearly twice as efficient as the former in keeping down evaporation losses. 



Fia. 8. — CABTEIDGE-TACKltTG MACHINE. 


The evaporation curve (2), shown in Fig. -9, indicates that the 7 by 
20-in. 8-lb. cartridge will absorb 3.4 times its own weight of liquid oxygen 
but this is true only when the cartridge is kept nearly fully immersed in 
liquid oxygen throughout the absorption period of 40 min. In operating 
practice it has not proved economical to soak this cartridge with more than 
2.9 times its dry weight of liquid. When more than this amount of liquid 
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is used the cost of the dirty waste liquid remaining in the soaking boxes 
after removal of the cartridges exceeds the economic gain from added 
explosive strength which is obtained by the use of this greater amount of 
liquid. On curve 2, Fig. 9, it can be seen that starting with a 2.9 ratio of 
oxygen to carbon is the equivalent of a 15 min. lapse of time in the bore- 
hole, from a 3.4 ratio. 

For a shot fired in 1)4 hr. after starting to remove the cartridges from 
the hair-felt insulated soaking boxes, using 5)4 by 12-in. cartridges, of the 
total liquid poured into the soaking boxes 41.8 per cent, was usefully 



Fia. 9. — ^Evaporation rate and explosive strength of cartridges. 


employed at the time of explosion, 64.6 per cent, was absorbed in the 
cartridges at the time of their removal from the soaking boxes, 23 per cent, 
represented evaporation loss during soaking and transport, and 12.4 per 
cent, was dirty waste liquid remaining in the boxes after removal of 
cartridges. Enough of this dirty liquid is filtered through canvas to use 
around the liquid-air traps of the vacuum apparatus. 

Table 1 shows the complete distribution of the liquid oxygen for a 
blast under the above conditions, as percentages of the liquid manu- 
factured. Smaller losses than those shown in the table have been 
obtained when using the large 7 by 20-in. 8-lb. cartridges and the balsa 
wood insulated soaking boxes. 
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Table 1. — Distribution of Liquid Oxygen for One Blast 

Percentage 
OF Liquid 
Maxupactcreo 


Filling pipe loss: (3.971. per hr. ave.) 5.1 

Storage loss: 

Storage while filling (48 hr. —3.65 1. per hr.) 4.7 

Storage while not filling (85 hr. —4.2 1. per hr.) using three full tanks, 9.5 

Cooling down tank 5.2 

Remaining in tank because of convex bottom 3.2 

Total storage loss 22.6 

Discharge loss ] 

Loss, cooling boxes (hair-felt insulated) 

Loss, cooling cartridges j' 16.7 

Evaporation loss during soaking and transportation (approx. 2-hr. | 

period) j 

Loss from cartridges during loading, testing and firing 16.5 

Liquid in cartridges at time of firing — (oxygen-carbon ratio — 1.88).. . 30.2 


Liquid in cartridges at time of removal from soaking boxes 46.7 

Liquid recovered for thermos bottles (for vacuum pumps) 2.0 

Liquid remaining in soaking boxes — ^v'asted 6.9 


Total 100.00 


Blasting Practice 

All of the L. O. X. used to date has replaced a free-running 65 per cent, 
strength ammonia dynamite in churn-drill holes. No change in the 
spacing of the drill holes or in the amount of springing done in those 
holes, which are partly pocket-loaded, has as yet been brought about by 
the use of L. O. X. This is because of our large cartridges and average 
time of firing a blast — 1 hr. — the decreased density of the L. 0. X., as 
compared to the free-running dynamite it replaces, is slight, and is more 
than offset by its increased speed as compared to the dynamite. Tests 
made by the U. S. Bureau of Mines on our cartridge mixture show it to 
have a rate of detonation of 5200 m. p. s., which is 40 per cent, greater 
than that of the ammonia dynamite it replaces, though its propulsive 
effect is not so great. 

The locations of all drill holes are staked for the churn drills by the 
mine engineers, who later survey the exact locations of the drill holes and 
the position of the bench face. With these data, shot plans are made 
up, the explosive charges calculated in the mine engineering ofifice, and 
given to the powdermen. Constant cooperation between the powdermen 
and the engineers, and study of the results of all shots, together with any 
deviation in the powderman’s loading sheet from that of the engineers, 
keeps the loading factors revised up to date according to latest experience 
in all sections of the mine. It has been found that the L. O. X. can be 
loaded, with good results, about 20 per cent, lighter, considering its weight 
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at time of firing, than the 65 per cent, ammonia dynamite used in a cor- 
responding location. Knowing in advance the approximate time it will 
take to load and shoot a given shot, the weight of the L. 0. X. at time of 
firing can be determined from the curves 2 and 3 shown in Fig. 9. 

No attempt has yet been made to use L. 0, X. for springing or second- 
ary blasting, as for this work the relative amount of dynamite replaced 
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Fig. 10. — Typical churn-drill hole spacing pob column loading. 
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Fig. 11. — ^Typical chgbn-deill hole spacing fob pocket and barbel loading. 

would be small aud transportation and storage costs of the liquid oxygen 
would be high. 

No attempt is made to load very ragged or crooked holes with L. O. X. 
Such holes form a small percentage of the total drilled and are segregated 
by the powderman after looking over all the holes with a mirror before 
the loading sheet is made up. These_ holes are loaded in advance 
with dynamite. 
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All cordeau used in the holes is wire-wound and is placed in advance 
of the arrival of the L. 0. X. train. Tamping of the holes and surface con- 
nections of the cordeau follow at some distance behind the actual charging 
of the holes with cartridges. 

Fig. 12 shows the cartridges being carried in a tray by two men down 
a bridge from the soaking boxes to the shot. The average running time 
of the L. 0. X. train from the liquid-oxygen plant to the shots on various 
benches is 20 minutes. 


Costs 

During the month of October, 1927, a total of 6579 cartridges weighing 
lb. — total dry weight, 23,027 lb. — were manufactured at the cost 
shown in Table 2. 


Table 2 . — Cost of Cartridges for October, 1927 


1 

j Total Cost 

Cost per Pound 
of Cartridge 

1 

14 Ofift IK T^ncrKirH f»fl.rKnn Klack 

$1600.08 

$0,069 

8 059 lb TTubpi" blank 

1195.15 

0.051 

of 36-m. 8-oz. duck 

544.08 

0.024 

PrfliSs clips 

85.54 

0.004 

Labor 

83.98 

0.004 

Siipervifition and overhead 

69.08 

0.003 

Powor and maintenance 

20.85 

0.001 



$3598.76 

$0,156 


During October, 126,000 lb. of liquid was manufactured at the cost given 
in Table 3. 


Table 3 . — Cost of Liquid Manufactured in October, 1927 



i 

Total Cost 

Cost M Pound 
of Liquid 

105,526 kw.-hr. power at $0.00868 

$ 915.97 

$0,007 

0.004 

0.003 

0.002 

0,001 

0.001 

Labor, ten men including vacuum-pump operators 

Supervision 

543.60 

370.00 

Maintenance 

240.00 

94.14 

Chemicals 

Miscellaneous (water, lubricants, etc.) 

47.13 

(Interest and amortization on investment, (10Ji% 
yearly; $15,450 per year) 

1290.00 

0.010 


Cost per liter 

$3500.84 

$0,028 

$0.0716 




Table 4 shows results for the five-month period June to October, 1927, 
inclusive. 




DISCUSSION 


123 


Table 4, — Results during Five Months 


Tons broken 937,195 

Pounds liquid manufactured 494,295 

Pounds liquid effective at time of firing 163,730 

Pounds of dry cartridges used 83,830 

Pounds of L. O. X. effective at time of firing 247,560 

Tons broken per pound L. O. X. at time of firing 3.78 

Pounds liquid manufactured per pound of dry cartridge 6.9 

Pounds dynamite replaced in breaking 937,195 tons 312,000 

One pound cartridge at 0.156 $0,156 

5.9 pounds liquid manufactured at 0.028 per pound 0 . 166 


3.0 pounds L. 0. X. effective at time of firing $0,321 

1.0 pound L. O. X. effective at time of firing $0 . 107 


^ ~ $0,085 cost of L. O. X. replacing 1 Ib. of dynamite at $0.16. 


Conclusions 

The 5.9 lb. liquid manufactured per pound of cartridge is higher than 
the 4.5 ratio obtainable where daily shooting with small container storage 
is in effect. In consequence of this high ratio, costs are higher than 
those originally thought possible of achievement. Nevertheless dis- 
tinct savings are being made by the use of this explosive and the blasting 
results with this explosive in the harder rock at the mine have been 
entirely satisfactory. 


DISCUSSION 

G. B. Holdbrbr, New York, N. Y. — ^We have had no serious difiSculty at any 
time. Carbon monoxide does exist, but we have never had enough to bother a man. 

J. M. Ridbell, Wolfpit, Ky. — Does the unit cost include the plant depreciation? 

G. B. Holberbr. — The authors do not seem to have figured in depreciation 
and overhead. At Enos, the figure of 6 c. is an operatmg cost. Overhead will add 
another cent, so that is really 7 c. The 7 c. would include everything. With the 
second unit, which will go into service early next month, that will be brought down 
to 5 and 5 K c* I befieve they have a system of bookkeeping that takes into considera- 
tion depreciation and overhead on each item as they go along. 

A. 0. Ihlseng, New York, N. Y. — The cost per cartridge was 68 e., which is on the 
basis of about 4 c. per poimd of cartridge. Recently, I have had more or less to do 
with strip coal mining. I have just returned from a two months' trip covering some of 
the largest strip mines in Ulmois and Indiana. The present problem of strip mines is 
one of handling the rock overburden. When strip mining first started, the “easy 
picking'' was taken with a small shovel. As time progressed it has been necessary to 
take a heavier overburden, which necessitated the handling of considerable rock. 
Now it is absolutely essential to consider 50 or 60 ft. of overburden to get any area of 
coal in which such an expensive outfit as stripping shovels can be used and pay for 
themselves. 
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Of the various properties that I have examined in the last two months, two are 
operating with liquid oxygen. Both have heavy rock overburden. The Enos 
company, as Mr. Holderer says, runs about 35 ft. of rock on a 40-ft. overburden. 
Most of that is sandstone and limestone that is very tough. Their experience in 
handling this overburden vdth ordinary dynamite or black powder was that the shovel 
was in constant difficulty because of very large boulders. Much of that rock had to be 
pop-shot to enable the shovel to pick it up. Since liquid oxygen has been used, 
the mass has l^een thoroughly shattered, and the shovel can handle the overburden 
with ease. 

Two years ago I examined a stripping operation in Southern Illinois. They had 
been using black powder and had allowed the pits to get into a frightful condition, so 
that the mine was practically profitless. The rock overburden was in great masses 
and entirely blocked the pit. Later they put in a liquid-oxygen plant, and when I 
examined the same property during the last two months I found the mine in an entirely 
different condition and operating at a profit. The overburden was thoroughly 
shattered, and there was no difficulty whatever in handling it with a steam shovel. 
From a mine that threatened disaster has grown one that is doing very well. In two 
different Indiana properties close together, the Enos and a property about 10 miles 
north, the cost per ton of coal is about the same. One is using black powder and the 
other is using liquid oxygen, but the property 10 miles north has a rock which can 
easily be shattered with liquid oxygen at a cost of at least 15 c. a ton less. There is no 
question about that, because there is very little limestone or sandstone. It is practi- 
cally all shale, which is readily breakable. 

I discussed with Mr. Holderer once the question of shooting larger unit areas. I 
make the claim that the economic use of liquid oxygen can be still further improved 
over the practice of shooting 20-ft. squares, that is, with holes 80 ft. apart. With the 
ordinary coal seam of 5 ft., an a^ea of that kind will uncover about 80 tons of coal. 
With the high shattering power of liquid oxygen, I am confident that 30-ft. squares 
with holes 30 ft. back from the face, uncovering 210 tons, will reduce the cost of 
shooting overburdens per ton just about 50 per cent. That is quite material, since the 
margin of profit in coal is very small and every 10 c. counts. 

Ordinarily, a cartridge is used for every 6 ft, of hole. I think by the utilization of 
about 50 per cent, more liquid oxygen in this 30 ft. spread of holes, better results per 
ton of coal can easily be obtained. 

S. J. Jennings, New York, N. Y. — ^Liquid oxygen was used at the Real del Monte 
mine, Mexico, for several years.® The net result as far as we were concerned was 
that, at the price of dynamite that we could then obtain, liquid oxygen was very much 
cheaper than dynamite' but as soon as the dynamite factory realized that it was 
being driven out of business, it reduced the price, so that it was cheaper for us to use 
dynamite than to use liquid oxygen. So we reversed ourselves and are now using 
dynamite. 

We had one mine that used nothing but liquid oxygen; a mine that was producing 
somewhere around 500 tons a day. We were contemplating putting in liquid oxygen 
for the whole production of some 3000 tons a day when the dynamite company reduced 
the price of its product. 

T. Marvin, Wilmington, Del. — ^This discussion indicates one use for the compila- 
tion of facts contained in the handbook on Drilling and Blasting in Some i^erican 
Metal Mines. I refer particularly to the discussion of tamping and stemming of 
holes, in which it was said that very few of the metal mines are using tamping. I 

* See M. H. Kuryla and G. H. Clevenger: Liquid-oxygen Explosives at Pachuca. 
Trans. (1923) 69, 271. 
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refer you to any of the pages in the front of the compilation. On page 11, for instance, 
under the division of shaft sinking at copper mines, mention is made that the 
Moctezuma Copper Co. uses mill sKmes for tamping; the Nevada Consolidated 
Copper Co. employs none; the next, the Old Dominion Co., uses damp, sandy soil, 
and so on through the compilation. In other words, there is the testimony of nearly 
100 mine managers or superintendents concerning stemming. 

Questionnaires were sent out from Wilmington in October, 1927. The data were 
returned splendidly and quickly. I believe the first answer came in on November 1; 
therefore the material is not more than four months removed from its source. 

It would be impossible to make the large number of sketches, used in the compila- 
tion, on true scale, so I had to standardize on a certain size for shafts, a definite 
diagram dimension for drifts and so forth. 

The compilation really represents the present “how*’ of drilling and blasting. 
It was felt that men in mining today, or those contemplating opening up new proper- 
ties, are interested somewhat in the practical phase. All of these data were submitted 
by men on the job. 

I know there may be some criticism that the number of tons of rock broken by 
each pound of explosive should have been included. Other factors that might be 
added are the drilling speed of the drill, the feet per minute, and the hardness of rock, 
but there had to be a line drawn somewhere and the tabular headings illustrate that 
line. 

Personally, I felt that the type of explosive used, naming the type of rock, and 
giving the exact number -of cartridges used in every hole, practically answered the 
question for the man who is seeking definite information on how to blast a certain 
rock or ore if accompanied by some certain prodecure data. I am much interested to 
know if the different phases and factors covered in the compilation satisfy, or if there 
are additional conditions which men at the mines would really like to possess. 

I might go through a typical example of the use of the compilation. Assume, for 
instance, that a man is interested in shaft sinking in quartzite. Turn to page 196, 
under the first index of shaft, “Type of Ore or Rock Blasted.” Gro through the list 
of rocks. Under each are listed certain numbers. These numbers refer to the 
mine numbers; that is, the numbers of the mines included in the compilation. For 
instance, Mine No. 9, which is the first one under quartzite. Turning to page 192, 
you will find that No. 9 happens to be a copper company. The first column refers to 
the shaft data page, which is page 8, and on page S is the drilling and blasting informa- 
tion concerned with shaft sinking at that property in quartzite. 

Also, on page 85, which is in the shaft section, you will find the shaft diagram 
used at this mine for drilling quartzite. There are the dimensions of the shaft, 
exactly how the holes are placed, how deep and how many cartridges in each hole. 
If you wish to know how they use stemming, refer txj the data following on the same 
page, 8 or 9. By cross index and reference table, one interested in blasting in any 
type of rock included within the borders of the compilation, for any purpose, can 
find that material listed and readily available. 

S. J. Kjdder, Eustis, Que. — ^Were any data collected as to the preparation of the 
stemming and the method by which it is delivered to the mine? 

T, Marvin. — Sotne of the men who sent in data referred to that on the ques- 
tionnaire. I beheve most of those who mentioned the subject said that the stemming 
material was delivered to the mine and was used in cartridges. That is, empty 
cartridges had been fiUed either at the shaft bottom or at the surface, and were 
delivered to the miner fiUed, so that aU the miner had to do was to place the material 
or the stemming cartridges directly in the hole. 
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S. J. Kidder. — I think the preparation of the cartridge for the miner is a deter- 
mining factor with a great many operators in regard to the use of stemming, A 
number of years ago, in New Mexico, we found it hard to induce the miners to use 
stemming unless filled cartridges were supplied. Then the question of filling the 
cartridge came up and we found that stemming with 20 per cent, moisture was pretty 
hard to put into the cartridge, so we designed a cyhnder about 10 in. dia. with a screw 
feed. It had a stand pipe of the same diameter; had a head motion, and three spouts 
on the discharge, over which we could slip the empty cartridges. The operator 
would then start the machine, and fill three cartridges at once. For a mine producing 
only 5000 to 6000 tons a month, it was a satisfactory arrangement. In larger opera- 
tions, the preparation of the stemming ought to be taken up so that it could be handled 
most economically. I wonder if any of the mines have gone into that thoroughly? 

C. S. Hurter, Wilmington, Del. — Within the last 60 days I have made a study 
of the holding power of several different kinds of tamping. The results showed that 
wet sand was the best; properly moistened clay, second; dry sand, third; dry clay, 
fourth; and slack coal the worst of all. 

D. Harrington", Washington, D. C. — There is considerable delusion in this 
matter of stemming. I have gone into mine after mine, metal mines, where they are 
supposed to use non-combustible stemming. If the miner has it at* his finger tips 
he may use it; very frequently he does not use it. Too frequently, he does not 
have any place convenient to secure it. In coal mining, it is an axiom that it is 
dangerous to the miner himseK as weU as to anybody in the mine to use coal dust. 
I have made examination after examination of mines where there is a strict rule that 
no coal dust shall be used for stemming, and in more than half of the instances the 
miner will use coal dust and nothing else. If the clay stemming is right at hand he 
wdll generally use it; if he has to go 300 or 400 ft. to get it, he will use the coal dust. 
Many of the mines I have seen prefer to use stemming; they try to bring the stuff 
to the miner, but very frequently it does not get to him. 

R. K. Warner, New Haven, Conn. — ^I am much interested in Mr. Marvin^s 
compilation. A year ago I collected similar data for Peelers Handbook. This was 
compiled from a questionnaire similar to the one Mr. Marvin used. After tabulating 
results from about 103 late examples I was able with somewhat indifferent success 
to derive figures for the powder consumption, feet of drill hole, etc., that might be 
expected under normal conditions in different types of rock. Probably with the 
additional data that Mr. Marvin collected this can be carried further. 

In connection with stemming, I would say that I have done a considerable amount 
of traveling within the last two years among the mines and have found that the 
miners wiU in general use stemming only when it is bagged and prepared for them 
and issued with the powder. 

R. R. Van VAiiKENBXjBQH, Wharton, N. J. — ^The psychology of the thing appears 
to be one of the most important points. For instance, in regard to stemming, I have 
found that if the miner is working on an ordinary day's pay scheme he is very apt 
to overlook the stemming, whether or not it is furnished to him at the face, but i£ 
he can be placed in a position to make a bonus on saving in explosives, he begins to 
ask for stemming, and in our case, to ask for spacing blocks. 

We find that the contractors, the men who are driving development operations 
on a piece-work basis, want stemming and want spacing blocks. It proves to me 
that whether it is psychological or practical, the stemming should be all right. 

I prefer the clay whether it is wrapped in cartridges or not. However, in our 
mine in New Jersey we use fine ore; anything we can scrape up on the ground. The 
miner carries a number of stemming bags m his knapsack and fills them himself- 
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T. Marvin. — You will notice in the shaft section of the compilation that nearly 
every mine, or the majority of mines, use stemming. I believe it is true also that 
shafts are driven by contract more than the drifts and the crosscuts. 

On page 33 — I just happened to open that page — ^under “Drifts,” out of eight 
mines in drifts only one uses stemming. One out of eight uses stemming in drifts, 
which may indicate that the use of stemming is the practical measure of decreasing 
blasting cost used by contractors who are interested in doing their work as cheaply 
and as eflSciently as possible. 

B. F. Tillson, Franklin, N. J. — I have often wondered whether the virtue of 
stemming was not due chiefly to the inertia of a mass. At that rate, gelatin dynamite 
is rapid enough so there is not the material wedging effect that is often pictured in 
making use of the stemming. Water hammer is a force that reaches serious pro- 
portions dependent on inertia, and, similarly, the deeper the stemming that is 
used, the greater the mass, and the more effective it is, regardless of the mechanical 
wedging action. 

I would like to raise the question for discussion as to whether inertia is one of 
the factors. If so, I would differ with what INIr. Yan Yalkenburgh has suggested. 
His preference was for clay. I would say that he had an ideal stemming because 
of its great density. 

We have used clay. Since we have had a similar, but heavier ore than his, in 
the Franklin mine, we have used the ore in paper cartridges for stemming. He 
referred to the spacing sticks, and again I think the explosive experts will say that 
we are throwing away a lot of explosive when spacing the cartridges. It has not 
seemed to work out that way with us. We seem to be able to economize in explosives 
and produce the results by spacing the cartridges, and the fact that the men themselves 
have for years followed that practice indicates that the results have been satisfactory 
to them, whether it was on company account or contract work. 

Theoretically, explosive experts tell us how the rate of detonation is lessened by 
traversing through poor material such as wood, or through air; that the efficiency 
of the explosive is decreased. Undoubtedly, those things are theoretically correct, 
but sometimes economic factors do not balance Tvith pure theory. 

The spacing of the dynamite by wooden spacers may gain more than the loss 
of efficiency in blasting. We have felt time and again — ^possibly we are wrong — 
that the wide, more or less uniform distribution of explosives in our ground at any 
rate would be advantageous and would produce the most effective results. In other 
words, holes drilled with the explosive spaced over a bng distance in the hole produced 
the most effective results in the breaking of ground to a fine condition, which lessened 
the amount of handling and sledging. We believe money can be saved by the better 
distribution of the explosive. Regardless of laboratory theory, the dollar sign comes 
in when balancing out the total operation. 

I remember we had an experience some years ago in our open-cut work, in which 
we were blasting a limestone for filling purposes. There were limestone quarries near 
us in which they were breaking limestone for a blast furnace. There they were using 
well-drill holes, big holes. Of course, the development of the hamm er drill permitted 
placing the holes closer together in the bench and putting in a lot of relatively small 
holes to blast down the limestone. The man who was at that time in charge of the 
chum drilling at this property later happened to associate himself with one of the 
explosives companies and he was very keen to come and prove to us in both respects 
how foolish we were. He later left that job and took a job as manager of some other 
rock quarries, and we were very much interested to find that instead of using a chum 
drill he had adopted our quarry practice of the hammer drill. 
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Iiistoacl of using 1am pinf^ slicks and cutting them for spacers between the cartridges 
the men very frequently lake ordinary pieces of powder boards, split off slivers, and 
use thoni as spacers. 1 think that the detonation goes through the air space without 
any question. 'VVo do not Ijave any trouble with the transmission of the detonation. 
AVc do not have so-calle<l stiukci-s, in which the powder has been ignited and is burn- 
ing. It seems possible to get a useful effect from gelatin djmamite by abusing it 
very considerably theoretically. 

C. S, Hurter. — In connection with that spacing method, I have been in places 
where it is used with excellent results and can be considered the best possible practice. 
It is particularly effective where deep holes are drilled to break off thin slabs, such as in 
widening drifts, etc. I do not believe that the explosion is carried through the space, 
which is known among scientists as explosion by influence. To my mind the explosion 
of the different cartridges is due to the explosion of one cartridge driving the stick of 
wood violently into the next, and so on through the different spaced charges. An 
investigation of this practice of blasting has brought out the folio wing points : (1) The 
stick of wood should be small enough so that there is no possibility of it binding in 
the bore hole; (2) the ends must be square and in actual contact against the ends of 
the cartridges so that it cannot slip by them; (3) hard wood is more efficacious than 
.soft wood where this practice is employed. For breaking off long thin slabs I consider 
this one of the best practices in existence. 

G. St. J. Perrott (written discussion). — The operation described by Schultz 
and Hunter marks a distinct advance in the application of L, 0. X. to open-cut 
blasting. In particular, the development of the 1000-gal. storage container enlarges 
the scope of L. 0. X. in open-cut blasting because it permits accumulation of sufficient 
quantities of Hquid oxygen for large blasts at less frequent intervals and with a plant of 
smaller capacity than w’as necessary" when the total production of the plant had to be 
used daily. 

It is interesting to compare the comparative propulsive strength of L. O. X. and 
dynamite as determined by the ballistic pendulum and as shown in actual blasting at 
Chuquicamata. From the figures obtained at the Explosives Testing Station of the 
U. S. Bureau of Mines at Bruceton, Pa., 1 lb. of dry L. 0. X. cartridge (oxygen-free) 
is equivalent in propulsive strength to 4.5 lb. of 40 per cent, ammonia dynamite, if 
fired at an oxygen-carbon ratio of 1,88. This would be the equivalent of about 4.0 
lb. of 65 per cent, ammonia dynamite. From the data in Table 4, calculation indi- 
cates that 1 lb. of dry L. O. X, cartridge replaced 3.65 lb. of 65 per cent, ammonia 
dynamite in actual blasting. This shows a close approach to the value obtained by 
means of the ballistic pendulum. 



Report of Committee on Metal Mine Ventilation 

Presented by D. Harrington, Chairman 

(New York Meeting, February, 1928) 

There has been, during the past year, a wealth of report data and 
discussion relating directly or indirectly to various phases of ventilation 
of metal mines, and many of the data are from foreign sources. The 
phase of the subject most generously accorded the attention of the 
technical press is that of cooling mine air, with much less attention to 
other fairly intimately associated features such as fan performance, fric- 
tion factors, fires, mine gases, mine lighting, health of miners, and ventila- 
tion standards. 


Cooling Mine Am 

South Africa, with its very deep mining on the Rand and with fairly 
high working temperatures, contributes the most definite data on the 
subject of cooling mine air, and undoubtedly the most interesting issued 
are those from a paper by J, H. Dobson,^ in which he gives a comprehen- 
sive review of the subject as gleaned largely by analyzing the data in 
three papers.^ 

Dr. Dobson's summation is decidedly interesting. In general it is 
recognized that the introducing into the mine and circulating to the 
working places of large volumes of pure air is the most effective method 
of giving deep, hot metal-mine workings reasonably efficient working 
conditions. A tabulation as to the cost of securing various amounts of 
cooling by circulating various volumes, from 230,000 to 760,000 cu. ft. 
per min., indicates that there are cost limits beyond which increase of 
quantity of air in circulation is impracticable, as the annual cost of cir- 
culating 230,000 cu. ft. of air per min. in a certain mine at a depth of 


^ J. H. Dobson: The Engineering Aspects of Mine Ckioling. Jnl. South African 
Inst, of Mining Engrs. Abstracted in South African Min. & Engng. Jrd. (1927). 

2 A. J. Orenstein and H. J. Ireland: A Contribution to the Study of the Influence 
of Mine Air Atmosphere Conditions on Fatigue. J nl. South African Inst, of Engrs. 
(1921) 19, 126, 186. 

M. O. Tillard and E. C. Eanson: Rock and Air Temperatures in Deep-level 
Mines. Jnl. Chem. Met. and Min. Soc. of South Africa (1926) 26, 184. 

A. Mavrogordato and H. Pirow: Deep-level Mining and High Temperatures. 
Jnl. South African Inst, of Engrs. (1927) 26, 101. 
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7500 ft. would be about $36,000 while the annual cost of circulating 760,- 
000 cu. ft. per min. would be about $480,000. 

It is brought out that refrigeration of air at the surface is expensive 
and relatively ineffective; that “wholesale'^ cooling methods by com- 
pressed air are expensive ; liquid-air cooling is even more expensive than 
compressed-air methods; and an attempt to cool mines by air drying by 
silica gel, calcium carbide and similar means is ineffective. Local use of 
compressed air blowers, as at working faces, is held to be helpful; circula- 
tion of cold water piped from the surface to deep workings was held to 
have possibilities towards cooling of mine air; the use of small-unit 
poi*table refrigerating plants to be located near working places was given 
a partial tentative approval; and the use of ice locally in small ventilating 
currents appears to have the greatest possibilities where ordinary methods 
are ineffective. 

The conclusions of Messrs. Tillard and Ranson® are as follows: 

“ (a) A ventilating plant of maximum capacity should be provided. 

“(b) The strictest attention should be paid to air control so as to obtain the 
maximum benefit from the air at one’s disposal. 

“The control and concentration of air in the lower levels of the mine is of the 
utmost importance. 

“(c) Much benefit can be obtained as far as comfortable conditions of working 
places are concerned, by creating and maintaining separate ventilation districts, by 
Tvdiich means one is able to have some control on heat acquired by the air traversing 
the mine. 

“(d) General cooling of the mine air by means of a central refrigerating plant 
on the surface or underground is not hopeful. 

“ If the system of general cooling of mine air is to be a success, we feel that it will 
be by means of small portable units, if the difficulty of getting rid of the condenser 
heat can be overcome. 

“ (e) Conditions in dead ends can be very much improved by the use of ice as a 
means of locally cooling the ventilating air; in fact, we might say that the problem of 
heat in these working places can be solved by these means. 

“ (f) Much benefit can be derived from compressed air boosters for locally cooling 
working gangs in places where the air movement is slight. 

“ (g) To generally cool the mine by means of cooling the mine water supply is a 
doubtful proposition. 

“ (h) No doubt benefits would accrue from insulating the air ducts or airways 
of the mine, but would probably be found difficult of application on these fields. 

“(i) Very material benefits would be gained if the use of water underground 
could be cut down, so as to incj^ease the evaporative power of the air. 

“ (j) There appears to be little hope of success working on the lines of air drying 
or dehydration by chemical means. 

“(k) From a physiological point of view acclimatisation of the workman by 
arranging a suitable probationary system is a most important factor.’’ 

In a short discussion of the Tillard-Ranson paper, R. H. Flugge- 
deSmidt gives some interesting data as to handling high temperatures in 
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a coal mine in the Ruhr district of Germany, where, at depths between 
2600 and 3250 ft., rock temperatures up to 111° F. are encountered and 
the mining regulations are that if the air temperature is above 82.5° F. 
the working period is 5 hr. instead of the usual 6 hr. Air volume was 
increased from 350,000 to 700,000 cu. ft. per min. and while the percentage 
of short or 5-hr. shifts had been above 80 in June, before increasing the 
air volume, this percentage dropped to zero by February, rising to 25 
per cent, in the following summer. In order to make a further reduction 
in underground air temperatures, a cold-water “radiator” was installed 
in a main intake air crosscut 3150 ft. below the surface, the radiator 
being composed of a large number of 2-in., 3-in., and 5-in. pipes of con- 
siderable length through which cold surface water was circulated. The 
system was not whoUy successful until an ammonia refrigerating plant 
was placed at the intake shaft collar, which cooled the water from about 
60° to about 34° F. The plant operating with 22 cu. ft. of water per 
min., lowered the temperature of 250,000 cu. ft. of air from 73° F. on the 
surface to 68° F. at a point 1}4, miles underground, the cost of running the 
plant being §110 per shift; it is stated that the increased output averaged 
about $172 per shift and that the cost of the plant, approximately 
$17,500, was saved in about two years. 

In a discussion of the Tillard-Ranson paper* it is stated that in using 
100 to 250 lb. of ice in a ventilating pipe delivering 1500 cu. ft. of air per 
min., it is possible to maintain an air temperature at a hot face 11° to 
12° cooler than the rock temperature, and one instance is given where by 
this ice method the air at the face was reduced from 89.4° F. to 73° F. dry 
bulb. The ice is spread over the last 10 or 12 ft. of the ventilating tube; 
no specific figures are given as to ice consumption, but the ice method 
appears to have the best possibility for local air cooling when air move- 
ment alone becomes insufficient. It would appear, however, to be feasi- 
ble to give ample cooling by air movement alone when dry bulb tempera- 
ture is below 90° F. 

Probably the most unusual feature of the more recent South African 
discussions on the cooling of mine air is the tendency to advocate methods 
that will hold air humidity to a minimum and to recommend the abandon- 
ment or at least the lessening of the use of water in drilling and in the 
watering of muck pUes, face regions, etc., methods which have been 
developed largely to combat the dust hazard with miners’ consumption 
in the background. 

Mine FmES 

In metal mining, ventilation is so closely linked with mine fires that 
the two are practically inseparable. While control of air currents by 
mechanical ventilation is decidedly desirable at time of fire in a metal 


* Queensland Govt Min. Jrd. (1927) 28, 473. 
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mine, the three metal-mine fires with the most disastrous loss of life in 
the past 15 years in the United States were in mines equipped with 
mechanical ventilation, and with far more than ordinary efficiency in 
distribution of air to working faces and places. When timber is used 
underground, metal mines need mechanical ventilation for use in case of 
fire even where underground air temperatures are low, or where there is 
little or no harmful dust or there is essential freedom from gases. 

The fire in the Magma mine at Superior, Ariz., on Nov. 24, 1927, had 
many interesting features.® The mine has mechanical ventilation with 
electrically driven fans both on the surface and in the mine, and it is 
entirely probable that the fans and other features such as doors, additional 
shafts, crosscuts, etc., connected with the mechanical ventilation of the 
mine were responsible for the saving of the lives of at least 30, possibly 
as many as 40, of the 49 who were in the mine at the time the fire occurred. 
It is also probable that had the Magma shafts been supplied with fireproof 
or fire-resistant doors at each level leading from the shaft, at least some 
of those who were killed could have been saved or have saved themselves. 
The mine was fortunate in having two hoisting shafts and in having both 
main hoisting shafts downcast, which allowed the hoisting of most of 
the underground workers in pure air. The fire cost seven lives and prob- 
ably several hundred thousands of dollars but it is entirely probable 
that the loss of life would have been around or over 40 and property loss 
in the millions had it not’ been for the aid given by the mechanical 
ventilation installation. 

The Magma fire with its seven deaths recalls the Pennsylvania Tninpi 
fire in Butte, Mont., in 1916, with 21 deaths; the North Butte fire in 
Butte in 1917, with 163 deaths; and the Argonaut fire in California in 
1922, with 47 deaths. It should not be inappropriate at this time to 
call attention to some fire hazards in metal mines, with the hope that by 
pointing to such risks, they may be eliminated. Herewith are a few 
suggestions intended to aid in the avoidance of metal-mine fires or of 
disasters from such fires should they occur. 

1. Every min e or working place in which more than 5 men work should 
have more than one opening for ingress and egress of both men and air. 
In mines reached by shafts more than 300 ft. deep there should be hoisting 
equipment in more than one shaft. 

2. Every mine, coal or metal, employing 5 or more men should have 
mechanically controlled ventilation preferably through a fan located on 
the surface in fireproof housing and so arranged as to allow of prompt 
reversal of direction of air currents in case of necessity. The approach 
to the fan from the shaft should be fireproofed also. 

3. No timbered shaft should act as both intake and return. 

t 


* Described in Engng. cfc Min. Jnl (1927) 124, 944. 
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4. Every opening leading from every shaft should have in it and 
reasonably close to the shaft a fireproof or fire-resistant door, so that by 
closing these doors air flow to or from the shaft may be excluded at any 
or all levels in case of necessity. Unless this system of doors is main- 
tained (even if not used at ordinarj' times) at all times along all timbered 
shafts leading into deep mines there is danger of suffocation to all or 
practically all men in the mine in case of fire in the mine and especially 
in case of fire in or near the downcast shaft. 

5. Ventilation doors should he solid, tight and fire-resistant; they 
should be equipped with a latch to keep them closed in case of reversing of 
direction of air and, where made automatic, the automatic feature should 
be positive as to closing the door rather than holding it open. 

6. The shaft or shafts in which men are hoisted should be intake 
(or downcast). 

7. Downcast shafts should preferably be lined with concrete or other 
absolutely fireproof material. 

8. Underground electrical stations should be fireproof and all electrical 
equipment, wiring, etc., very carefully safeguarded as to fire. 

9. No open hghts, smoking, torches, or other flame ought to be 
allowed in any mine where timber or other inflammable material is used 
or found, 

CrASES AND OtHEE HaZAEDS 

Up to 12 or 13 years ago, the candle was charged with the starting of 
most of the metal-mine fires in the United States and more recently 
electricity has had the blame; during the past year at least three serious 
metal-mine fires were caused by open flames. The Magma fire is now 
thought to have been started by a match or a cigarette; a recent technical 
article describes a fire in a shaft mine near Kimberly, Nev., where the 
ignition was by “burning torches” and where the crew in the shaft 
narrowly escaped suffocation; in the spring of 1927 an iron-ore mine in 
Pennsylvania had a fire which was started by ignition of the bark of a 
timber cap by a miner’s open light. This fire cost considerable money, 
but, fortunately, no lives. These fires started by open flames indicate the 
danger of allowing open flame imderground and it would appear that all 
types of open flame including open lamps, matches, torches, etc., should 
be excluded from all imderground workings which have timber or other 
combustible material. During the year an open-flame miner’s lamp 
ignited methane (the coal-miner’s explosive gas) at the collar of a metal 
mine shaft in Michigan; the shaft was being dewatered and, as frequently 
occurs in such cases, explosive gas (probably from decomposition of 
timber under water) was encountered and two men were burned to death. 
There have been several instances of ignition of explosive gas (methane) 
with resultant explosions and deaths while dewatering metal-mine work- 
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ings in the United States in recent years; also there have been numerous 
instances of disastrous explosions of methane in driving tunnels in or near 
cities, notably at Kansas City in 1926 and also at Cleveland, Chicago, and 
other cities. There have also been several explosions in salt mines; 
generally open lights are the igniting agency whether in dewatering 
shafts, driving tunnels, or in working salt mines. 

It would appear that all open flames should be prohibited in mines, 
and underground workers, whether in coal or in metal mines, should be 
prohibited from smoking and required to use only the safe, efficient 
electric storage-battery type of mine lamp, of which several types and 
makes are available. This method of lighting is little if any more expen- 
sive than the much more dangerous open-flame lighting systems and the 
light of the electric lamp is at least as great as can be expected from the 
open lights now in use. 

A study of gas conditions in the Cripple Creek region, Colorado, 
recently completed by the United States Bureau of Mines, shows that the 
irrespirable gas long known to afflict several of the Cripple Creek mines is 
largely carbon dioxide and nitrogen with oxygen depleted, and it is 
proved that the gas is due to present-day, and day to day, chemical 
action of the mine waters on certain of the exposed mine strata. It is 
found that the maximum quantity of this irrespirable so-called strata gas 
entering any one mine is undoubtedly less than 3000 cu. ft. per min. as 
stored in the strata crevices and in certain porous rocks, that the gas can 
be held back in the strata by a mine atmosphere of less than 1 in. water 
gage, and that there are two daily periods when the mine air tends to flow 
into the strata. It is brought out that while the pressure ventilation 
method now used by certain mines with the mine atmosphere held under 
air pressure of H to ^ in. water gage will in general hold the gases into 
the strata, this system gives little opportunity to remove explosives 
fumes from working faces and there is no opportunity to utilize the 
cooling effect of moving air currents at hot working faces. It appears 
that use of fans of fairly large capacity with circulating currents would 
be much more effective than using smaU-capacity fans for holding a 
slight to % in.) water gage in the mine atmosphere. The records 
disclose that there are 35 well authenticated instances in the last 22 years 
of fatalities from this gas and it is probable that at least an equal number 
of men have fallen to death from ladders or into winzes or from raises 
or stopes, etc., because of the gas, and their death has been charged to 
the fall rather than to gas. 

It seems possible that investigation may reveal that irrespirable gases 
in other metal-mining localities may also be due to present-day chemical 
action rather than to strata exhalations, as is the more general belief. 
Irrespirable gases or explosive gases have been found in metal mines in 
Cripple Creek, Colo.; Tintic, Utah; Tonopah, Nev.; Grass Valley, Calif.; 
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Park City, Utah; Picher, Okla.; Hibbing, Gilpin, Colo.; Idaho 

Springs, Colo.; Butte, Mont.; San Juan district, Colo.; Birmingham, 
Ala.; Globe-Miami region of Arizona. Methane has been found in 
several salt mines in the United States and in the driving of a number of 
water and other tunnels for various cities in the United States such as 
Kansas City, Mo.; San Francisco, Cahf.; Cleveland, Ohio; Chicago, 111., 
and others. Irrespirable gases have been found in metal mines in Eng- 
land, Australia, France, New Zealand, the Philippines, and other for- 
eign countries. 

Explosions in Metal Mines 

In addition to ignitions of explosive gas in metal mines in a number of 
regions of the United States, as above indicated, there were some dust 
ignitions in connection with working a high-copper iron sulfide ore in 
Arizona. Samples of this ore running over 40 per cent, sulfur were tested 
in a gallery by the United States Bureau of Mines at Pittsburgh and the 
dust ignited practically every time a dynamite shot was fired into it. 
Considerable volumes of sulfur dioxide and appreciable quantities of 
hydrogen sulfide were given off in these ignitions. The ignitions were 
definite but it was not proved whether or not the dust would propagate 
or continue an explosion in the manner that is so characteristic of our 
volatile coal dusts, and while definite pressures were recorded these pres- 
sures were by no means as great as in explosions of methane or of bitumi- 
nous coal dust. It is probable that if blasting holes are tamped with clay 
or other incombustible these sulfide dust explosions will not occur, and if 
the face region is wet down by hose preparatory to blasting, the ignitions 
will probably be prevented. 



The Air-current Regulator 

Br Walteb S. Weeks,* Berkeley, Calif. 

(New York Meeting, February, 1928) 

In coursing the ventilating air through a mine it is often necessary to 
restrict a comparatively open split in order that it may carry exactly the 
desired quantity of air. Such a restriction is known as a regulator, and 
usually takes the form of a partition with a hole in it. The quantity of 
air circulating is controlled hy the size of the hole or orifice. 

For example, it is desired to force a quantity qi cu. ft. per min. through 
split a (Fig. 1) and the quantity qn through split 1. It requires a pressure 



of 2 in. water to force the desired quantity through a, and a pressure of 
1 in. to force the desired amount through 6. The pressure drop between 
points A and B must be 2 in. and a pressure of 1 in. must be destroyed 
in split 6. This is done by inserting a regulator in h, which causes the 
velocity to increase in the orifice and results in a change from pressure- 
head to velocity-head. If the air, after passing the orifice, is slowed down 
in a turbulent manner, aU of the velocity-head does not change back into 
pressure-head, so a permanent loss of static pressure results. 

A classic formula for computing the area of an orifice to destroy a 
certain amount of static pressure has been handed down from early days: 

0.0004Q 
a = 7^ 

This formula is based on the assumption that all velocity-head in the 
orifice is “destroyed;” that is, does not reappear again as either velocity- 
pressure or static pressure. The derivation of the formula is as follows: 
h = head lost in regulator in feet of air. 

V = velocity in regulator in feet per second. 
q = quantity circulating in cubic feet per second. 

Q = quantity circulating in cubic feet per minute. 
a = area of orifice in square feet. 


* Professor of Mining, University of California. 
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P — pressure lost in regulator in pounds per square foot. 
i = pressure loss in inches water. 

When a stream of air enters an orifice, it contracts so that the cross- 
sectional area of the stream is less than the area of the orifice. It is 
assumed that the area of the stream is 65 per cent, of the area of the orifice. 
It is also assumed that the density of the air is 0.075 lb. per cubic foot. 

V- 

0.65ar 


h = 


0. = 


^ 


.9. 

0.65a 


h = 


r 


0.42a® X 64.32 
P 

0.075 
= _ O.^f _ 
0.42a® X 64.32 
= 5.2i 

0.075«® 


A = X 

P 
P 


t = 




a = 


0.42a® X 64.32 X 5.2 
0.075Q® 

0.42a® X 64.32 X 5.2 X 3600 
0.0003 85Q 
s/i 


The derivation is based on three incorrect assumptions; (1) the 
density of air is constant; (2) the coefficient of contraction is constant; 
and (3) the entire velocity-head in the orifice is lost in shock. 

It has been established in flow of fluids that when a moving stream 

/ \ 2 

enters a more slowly moying stream, the head lost in shock^ is — - 

where Vi is the faster* velocity, the slower, and g the acceleration due to 
gravity. If the cross-sectional area^ of the streams are known it is con- 
venient to correlate the loss with the velocity in the duct. Let Ai be the 
area of the faster stream and A 2 the area of the slower. 

Then* 

AiVi = A2V2 
AiH 


Vi = 


Shock loss 


-^1 

(A2V2 

V Ax 


-v:f 


29 


_ /Aj _ \® ^ 

~ \A, V 2g 


1 Discussion of shock loss may be found in the foUowing references: 

W. H. Walker, W. K. Lewis and W. H. McAdams: Principles of Chemical 
Engineering, 1st ed., 90. New York, 1923. McGraw-Hill Book Co. 

I. P. Church: Mechanics of Engineering, 721. New York, 1901. John 'Wiley 
& Sons. 



138 


THE AIB-CURRBNT REGULATOR 


For any given ratio of the loss of head due to shock is equal to a 

constant multiplied by the velocity-head in the slower stream. 

The stream of air passing through the orifice contracts so that its area 
is less than the area of the orifice. The coefiheient of contraction is not 
constant, as is assumed in the old approximate formula, but depends on 
the relative size of the drift and orifice. 

If a is the area of the orifice and c is the coefficient of contraction, ca 
is the area of the faster stream. If is the area of the drift, the shock 


A 

1 I o W’. 

ca J 2g 


loss is — 1 J 2 g ’'''’l^ere is the velocity-head in the drift. If velocity- 

head is expressed in inches of water the expression gives the shock loss 
in the same unit. 

If the ratio of drift to orifice be called R the shock loss in inches of 
water is 

X velocity-pressure in inches water. 

It may be possible that other losses of head occur in the regulator. 
Loss of head may take place in the action of contracting. 

It was demonstrated in the Joplin and the Erie holder tests* that the 

drop in pressure through an orifice may be expressed as where 

is the velocity-head in the duct and if is a factor that depends only on the 
ratio of the area of the duct to the area of the orifice. 

The factor K contains the shock loss coefficient and the coefficients 
of whatever other losses may be present. Since K depends only on the 
ratio of duct to orifice and the shock loss coefficient depends only on the 

same ratio, ^ — 1^ may be called K and the value of c calculated from 

experimental data. This results in what may be called a virtual value of 
c. If shock loss is the only loss, the virtual value is the true coefficient 
of contraction. If losses other than shock loss occur, the virtual value 
win be less than the true value. In any case, the virtual value of c used 
in the shock-loss formula for any given ratio will give the true drop in 
pressure in the orifice. . 

Virtual values of c were determined by Tom Berray and the writer for 
a number of different ratios. It was impossible to duplicate aU condi- 
tions to be found in mines so it was considered that the use of the square 
duct and square orifices would be a sufficiently close approximation. 
The orifices used in these experiments were cut from cardboard 0.11 
in. thick. 


® For summary of teats see H. P Wesoott and J. C. Diehl: Measurements of Gas 
and Liquids by Orifice hjeter. 2d ed. Erie, Pa., 1922. Metric Metal Works. 
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Air velocities were measured with the Pitot tube. The downstream 
static tube was placed downstream far enough to give maximum trans- 
formation of velocity pressure into static pressure. With each size of 
orifice two determinations for c were made with different quantities of air 
circulating. The results are given in Table 1. 


Table 1. — Virtual Coefficient of Contraction- 


Area Duct 
Area Orifice 

10 

i 

: 5 

1 4 

3 

2 

1.75 

1,5 

1.25 

1 

I 

Coefficient of | 

0.645 

0.646 ' 

' 0.651 

0.663 

0.694 1 

0.709 

0.729 

0.774 

1 

contraction. i 

0.644 

0.647 ; 

0.648 

0.660 

0.694 ; 

: 0.710 

0.725 

0.774 

1 


The operation of the shock-loss formula for the purpose of determining 
the area of the opening in a regulator will now be illustrated. 


( R 

— 1 j X velocity-pressure 


I velocity-pressure 
- + 1 


I velocity-pressure 
i is the water gage to be destroyed. 

Velocity-pressure = 


•w 


0.075 


where V is the velocity in the drift in feet per minute and w is the actual 
weight of one cubic foot of air. 

Determine the value of the right-hand member and then select 
corresponding values of R and c to satisfy the equation. 

Example . — The area of a drift is 40 sq. ft.; quantity circulating 20,000 
cu. ft. per min.; density, 0.075. It is desired to destroy a pressure of 1 
in. water. What should be the area of the orifice? 


_ 20,000 

40 


= 500 ft. per min. 


Velocity-pressure 


_ /500 V 
~ \ 4000 ^ 


^2 0.075 

t4000j ^0.075 


R 

c 




0.0156 


= 0.0156 in. water. 
+ 1 


? ^ 8,0 -(- 1 = 9.0 

c 
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Selecting values of R and c to satisfy the equation and the table, 
we have 


c = 0.645 and R = 5.80. 


R ^ 
c 

a = 


5.80 

0.645 

40 

5.80 ' 


= 9.0 

= 6.90 sq. ft. 


Under certain conditions, the familiar approximate formula gives 
fairly accurate results, but under some conditions it breaks down entirely 
and may indicate that the area of the orifice to be used is larger than the 
drift itseK. Its simplicity, however, is appealing, so an attempt has been 
made to develop a method by which the ratio of drift to orifice can be 
determined by means of the approximate formula and the true ratio read 
from a curve. The only assumption made is that the density remains 
constant at 0.075 lb. per cubic foot. 

Using previous nomenclature, the head lost in the orifice according 

to approximate formula is h = Correlate the loss with the velocity 
in the drift. 


Vi 


AV2 
0.65 a 


RiV2 

0.65 


0.65a«;i = Av2 

where iZi is the approximate ratio of drift to orifice. 



ti] 


. The shock loss by the exact formula is 






where R 2 is the true ratio of drift to orifice. 




2gh 

Vi^ 



[ 2 ] 


For any given conditions of area of drift, quantity flowing, and head 
to be destroyed, the right-hand members of the equations 1 and 2 
are identical. 

If in the exact equation 2 a value of R 2 is assumed and the proper 
value of c used, the value of the right-hand member is given for the speci- 
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fied conditions. For the same values of h and v^, then, the value of Ri 
calculated by the approximate formula would be 

Ri jRs - 

5765 ~~c~ 


Ri = 0.65^^ - 1^ 


Assume different values of R^, insert the proper value of c and solve 
for i2i. These corresponding values are plotted in Fig. 2. The abscissas 
are the ratios of the drift to orifice given by the approximate formula and 
the ordinates are the true ratios. 

To determine the area of the orifice, solve the approximate formula 
for a. Divide the area of the drift by a. The result is 2?i. Enter the 
chart at the proper value of Ri, pass vertically to the curve and the true 
ratio R 2 is read at the left. The area of the drift di\’ided b^" Rz is the true 
area of the orifice. 

The example that was solved by the method of trial may now be 
solved by the use of the curve. 

0.000385Q 


a = 


\/ i 


IS 


0.000385 X 20,000 ^ - 

a = j = 7.7 

= ^ = 5.2 

From the chart Ri is seen to be 5.80 and the true area of the orifice 
40 


5.80 


= 6.90. 


It may be interesting to see how at times the approximate formula 
gives unintelligible results. 

The area of a duct is 5.0 sq. ft., the quantity flowing is 10,000 cu. ft. 

per min., and it is desired to destroy 0.25 in. water. 

0.000385 X 10,000 3.85 _ 

a = 7 == — '■ = -7^ = 7.60 

VO.25 0.5 

The area of the orifice is then to be 2.6 sq. ft. larger than the drift. 

fi, - ^ . 0.66 

From the curve it is seen that the true ratio is 1.48 and the true area of 

5 

the orifice is y-jg = 3.38 sq. ft. This may be checked by determining 
the loss by the exact fonnula. 

Y = — — = 2000 ft. per mm. 

Velocity-pressure = = 0-25 in. water. 
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It was desired to destroy 0.25 in. water. 

Notice that the curve (Fig. 2) passes through = 0, 52 = 1. If no 
pressure at all Is to be destroyed it is evident that no regulator must be 
inserted or, stating it another way, the ratio of drift to orifice must be one. 



B-i-Approp^imo+c Ra+io 


Fig. 2. — Conversion curve. 

With this condition the approximate formula shows that the area of the 
orifice should be infinity. 

0.000385Q 

a - 7 - - - - = 00 

Vo 

Whence 

/iji = A = 0 
00 

The curve shows that when Ri = 0, the correct ratio, Ra, is one. 

DISCUSSION 

G. E. McElbot, Pittsburgh, Pa. (written discussion). — Mine ventilation is con- 
cerned essentially with the pressure losses caused by but one type of orifice and that is the 
square-edged, thick-plate orifice. Theair-currentregulatorisanorificeof thistypeand 
represente one of the ^o primary conditions of installation as affecting pressure losses 
— ^the orifice inserted in the air duet; in this case, the mine airway. The other primary 
condition of installation is that of the orifice placed on the discharge end of an air duct, 
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as typified by the use of orifice plates ia fan-testing work, where the ratio of orifice 
area to fan discharge area is termed ^^ratio of opening'^ and used as a basis for plotting 
generalized fan performance data. For mine ventilation purposes it is desirable to 
be able to determine approximate pressure losses for this type of orifice for both of 
these primary conditions of installation. It happens that rather meager data secured 
by Mr. Richardson and myself on the one condition® so closely confirms Professor 
Weeks' more complete data on the other primarj' condition that it seems permissible 
to correlate the two sets of data in order to develop a consistent, or faired-up, set of 
values for both conditions. 

Analysis of the pressure loss results that we secured in Butte showed that the 
static pressure at four H2“iDL. square-edged circular orifices installed on the end of a 
pipe 18 in. in diameter bore a quite constant ratio to the difference in velocity pressure 
as between the orifice area and the pipe area. On receipt of Professor Weeks’ data, 

I computed similar ratios for his orifices as used on the end of a duet, for which condi- 
tion the shock loss is (^«)’ or times the pipe velocity pressure instead of 

(f-o- as developed by him for orifices inserted in the line. The static pressure at 
the orifice is one pipe velocity pressure less than the total pressure and is therefore 
X the pipe velocity pressure. These computations show a similar, and 

practically equal, quite constant ratio of static pressure to difference in velocity 
pressures. Values of this ratio, as derived from both sets of test data, are given in 


Table 2. — Coefficients of Contraction and Related Data for Square-edged^ 

Thich-plate Orifices 


s P 

Author*8 data Weeks’ data C based on ^ ^ * 



: 

S. P. 

c 

S.P. 

n 

2.45 

2.5 



D. V. P. 


D. V.P. 

o 

0.100 

10.00 



2.42 

0.644 

0.641 

0.634 

0.121 

8.27 

2.32 

0.659 



0.644 


0.200 

5.00 



2.45 

0.647 

0.647 

0.640 

0.241 

4.15 

2,47 

0.648 



0.650 


0.250 

4.00 



2.46 

0.650 

0.651 


0.300 

3.33 





0.657 

0.650 

0.333 

3.00 



2.45 

0.661 

0.661 


0.400 

2.50 




; 

0.672 

0.665 

0.487 

2.05 

2.39 

0.699 , 



0.689 


0.500 

2.00 



2.44 

1 0.694 

: 0.692 

0.686 

0.572 

1.75 



2.46 

; 0.709 

0.709 : 


0.600 

1.67 


1 

1 

1 

1 

i 0.720 j 

i 0.714 

0.667 

1,50 


j 

; 2.61 

j 0.727 

1 0.744 1 

! 

0.700 

1.43 



1 


; 0.758 1 

1 0.753 

• 0.732 

1.37 

2.47 

0.770 



i 0.773 j 


0.800 

1.25 



2.86 

i 0.774 

0.811 i 

1 0.806 

0.900 

1.11 




1 

i 

■ 0.885 

1 

1 0.882 

1 


* G. E. McElroy and A. S. Richardson: Experiments on Mine Fan Performance. 
U. S. Bur. Mines Technical Pamper prepared for publication. 
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Table 2 under the designation 


S. P, 
D. V. P. 


for the corresponding values of R and C as used 


in this paper. By inspection of the table, it can be seen that the values of this con- 
stant are in close agreement, and, for the intermediate range where the probable 
accuracy of test work is greatest, are practically constant at 2.45. Analysis of data 
on other orifices have shown similar relations; that' is, a practically constant ratio 
over the range where good test results would be expected and small variations from 
this value for the extreme orifice ratios. For instance, in the same set of Butte 



Fig. 3. — Graph fob determining area of orifice regulator in mine air- 
way REQUIRED TO CAUSE A DEFINITE PRESSURE LOSS FOR A DEFINITE VOLUME OP 
PLOW. 


experiments, we got a value of 0.52 for a 20° cone orifice in an 18-in. dia. pipe, and two, 
sets of standard data for thin-plate orifices give constants over a wide range of orifice 
conditions that vary but little from 2.70. 

In consideration of the fact that mine-orifice conditions are not exactly standard 
the \ise of the constant 2.45 seems an unnecessary refinement, and I propose to use 
2.5 as & basic, easily remembered figure for the pressure loss at square-edged, thick- 
plate orifices. With this basic figure for the ratio of the static pressure at an orifice 
on the end of the line to the difference in velocity pressures as between orifice area and 
duct area, it is possible to compute a shock-loss coefficient of contraction for either of 
the two primary conditions of installation. Coefficients computed on this 2.5 basis 
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are compared in the table with those resulting from the two sets of tests and those of 
the more exact 2.45 basis. The differences between the various sets are so slight as to 
have no practical significance as applied to air-current regulator problems or to 
problems in fan performance involving ratios of opening or velocity pressure ratios. 

Professor Weeks has developed a mathematical method of determining the proper 
ratio of regulator area to airway area and a simpler method of doing the same thing 
that is partly mathematical and partly graphical. In connection with the latter it 
should be noted that the graph shown in Fig. 2 is based on the use of a coefficient 


PRESSURE, INCHES OP WATER 



Pig. 4. — Graph foe determining ratio of area of orifice regulator in 

MINE AIRWAY TO AREA OP AIRWAY REQUIRED TO CAUSE A DEFINITE PRESSURE I*OSS 
FOR A DEFINITE VOLUME OF PLOW. 


of contraction of 0.650 in the equivalent orifice formula and that the corresponding 
constant in the normal form of this formula is then 0.000385 instead of 0.0004 as 
commonly used. The coefficient of contraction corresponding to a constant of 
0.0004 is 0.624 and these values are used in the two charts shown in Figs. 3 and 4, 
both of which are based on shock-loss coefficients of contraction derived on the 
2.6 basis. 

In Fig. 3, the area of the regulator can be determined directly for known pressure 
loss and quantity data but the steps are rather involved; some of the intersections 
occur at very acute angles and there is a possibility of confusing the separate sets of 
lines used. For these reasons the form shown as Fig. 4 was devebped as somewhat 
yo;.. 76 — 10 
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simpler, althougli it determines directly only the ratio of regulator area to airway area 
and one simple mathematical step is involved in determimng the actual area of the 
regulator from its ratio to the airway area. The steps involved in solving problems 
by the aid of each chart and the steps involved in their construction will be explained. 

To use Fig. 3, enter the chart at the top edge at the known pressure; pass vertically 
downward to intersection with the “square root” curve; pass horizontally to inter- 
section with a vertical line through the known quantity as shown on the lower edge; 
pass a straight line through this point and the zero point of the chart (lower left 
comer); follow this slanting line to intersection with the “square root” curve; pass 
horizontally to intersection with the estimated position of a slanting line correspond- 
ing to the known area of airway; pass vertically to intersection with “ratio correc- 
tion” curve; pass horizontally to “ratio transfer” curve; pass vertically to intersection 
with estimated position of area of airway line; pass horizontally to scale on left and 
read area of regulator.' 

In practice, the sequence of steps is not as difficult to follow as this detailed explana- 
tion would indicate, as can be demonstrated by following the steps through for actual 
problems. Two of these are indicated by dotted lines on the graph. In one, the 
regulator is to cause a pressure loss of 1.5 in. with a flow of 20,000 cu. ft. per min. 
through an airway of 60 sq. ft. and the size of the regulator required is found to be 
about 6.0 sq. ft. In the other example traced on the chart, the regulator is to cause 
a pressure loss of 2.5 in. with a flow of 35,000 eu. ft. per min. through an airway of 
20 sq. ft., and the size of the regulator required is found to be 6.6 square feet. 

Ihe steps involved in the construction of this chart are as follows : Pressures (f ) 
to scale along the top edge are plotted against their square roots (\/ i) to a scale, not 
shown, along the left edge. Quantities (Q) are scaled along the lower edge. Then 
the coordinates 'y/i and Q determine one point on straight lines of equal resistance 
for which another set of coordinates are 0, 0. Then the scale of areas in square feet 
was placed on the left and values of equivalent orifice areas were plotted against 
various equal resistance values, which, through a proper selection of scales, resulted 
in a curve coincident with the square-root curve. A scale of ratios of equivalent ori- 
fice area to area of airway, not shown, was established along the lower edge, and area 
of airway lines drawn so as to intersect equivalent orifice areas at the proper points. 
An exactly similar scale, not shown, was established along the left edge to denote true 
ratio of regulator area to area of airway. Values of equivalent orifice area ratios for 
certain values of true orifice area ratios were computed and plotted against each other, 
resulting in the “ratio correction” curve shown which is siimlar to that shown in Fig. 2 
of Professor Weeks' paper, except that ratio of regulator to airway is plotted instead of 
ratio of airway to regulator. In order to get from true ratio to actual areas, it was 
necessary to use these true ratios on the lower scale, which is accomplished by the 
45° line marked “ratio transfer.” 

To use Fig. 4, enter the chart at the top edge at the known pressure; pass vertically 
downward to intersection with the “square root” curve; pass horizontally to inter- 
section with a vertical line through the known quantity scaled along the lower edge; 
pass a straight line through this point and the zero point of the chart (lower left 
corner) ; follow this slanting line to intersection with the estimated position of a hori- 
zontal line corresponding to the known area of airway; pass vertically to intersection 
with the “regulator ratio” curve; pass horizontally to scale on left and read ratio of 
regulator area to airway area. Multiplication of the latter by the former gives the 
actual area of the regulator required. 

Solution of the same two problems traced on Fig. 3 are also indicated by dotted 
lines on Fig, 4. For the one, a pressure loss of 1.5 in. for a flow of 20,000 cu, ft. per 
min. in an airway of 60 sq. ft, requires a ratio of regulator area to airway area of 0.10; 
that is, an area of 6.0 sq. ft. For the other, a pressure loss of 2.5 in. for a flow of 
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i‘invay of 20 sq. ft. requires a ratio of 0.33; that is, an area 

oi 6.6 square feet. 

, st^s invoh ed in the construction of this cliart differ in some particuhirs from 
lose or ig. 3, as follows: Pressures, quantities and square root of pressures were 
simi ar j scaled along the top, bottom and side respectivelv. The square-root curve 
and lines of equal resistance were obtained in the same maimer as in Fig. 3. A hori- 
zontal hne to represent 20 sq. ft. was arbitrarity placed coincident with 'sji - 2 and 
the scale of ratios was established on the left. Then the position of the “regulator 
ra o against quantities obtained by solving equations of the 

form i — which constants for the even ratios were computed from the 


orifi^ (^ta. solution was then made for the for other values of area of airway 
an orizontal lines were drawn through these values. Solutions were also made for 

quantities against ratios of area for the equivalent orifice formula Vi - Q 

^ ^^6 intersection of the last vertical line in the 
me od of solution for regulator ratios is taken at the “equivalent orifice ratio “ or 
ratio of opening “ curve instead of the ^‘regulator ratio cur^^e, and followed hori- 
zon ally to the scale on the loft, the result will be the ratio of equivalent orifice area 
area of airway for the one and the actual ratio of area of orifice on the end of a duct 
^ duct for the other. Inspection of these three curves indicates that 

w le the^ (Merences are small for small orifice ratios, thev increase rapidly as the 
orifice ratio increases. 


Inspection of these charts and an estimate of the normal range of values of pres- 
sures, quantities and areas involved in air-current regulator problems, indicates that 
in most cases the ratio of regulator area will fall at or below the value 0.2; that is, in 

e range for which the equivalent orifice method of computation is reasonably 
accurate. The large spread between the “regulator ratio” curve and the “ratio of 
opening'' curve in Fig. 4 results from the large difference in pressure losses for the 
same orifice depending on whether it is inserted in the air duct or on the end of the 
duct. The ^^all spread between the ^*ratio of opening" curve and the “equivalent 
onfice ratio " curve is due to differences in pressure losses between those resulting 
fmm a vamble coefficient of contraction and those calculated from a constant coeffi- 
cient. It is thus seen that, in applying the equivalent orifice formula to air-current 
regulator problems, a much greater error results from considering the orifice to be at 
the end of a duct instead of actually in the duct than results from the assumption of a 
constant coefficient of contraction. 

The question of density, mentioned by Professor Weeks as another failing of the 
equivalent orifice formula, is of relatively little importance in regulator computations, 
since such computations, concerned as they are with the balancing of the resistances 
of parallel circuits, may be carried out on the assumption of standard density. The 
two charts I have presented are based on a standard density of 0.075 lb. per cu, ft. 
If the pressure and quantity at some other density are known, it is necessary to 
correct the pressure only by multiplying it by the ratio of 0.076 to the known density, 
since for constant quantity, pressures vary directly as the air density. 

Attention should be called to the fact that, under ordinary conditions of applica- 
tion, there is no need of any high degree of accuracy in air-current regulator problems 
since mine resistances are continually varying and the actual area at any point in a 
mine airway is often quite different from the nominal area on which the calculations 
are most often based. 


G. S. Rice, Washington, D. C. — There has been much development going on in 
ventilation since our meeting of a year ago, both for metal mines, coal mines and 
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tunnels and increasing knowledge of the physics of ventilation. Research in ventila- 
tion has been carried on by various agencies, especially by the mining departments 
of the universities of Illinois and California, by the Bureau of Mines and cooperating 
mining companies. Somewhat parallel work has been going on in Great Britain 
and in Germany. 

Prof. Henrj^ Briggs of Edinburgh, in a series of lectures which he recently gave 
at London L niversity, made a comparison between the weight of air moved in ventil- 
ating coal mines with the weight of the coal hoisted from the respective mines. It 
was rather surprising to learn that the weight of air in circulation in the course of 24 
hr. w’as from o to 10 times greater than the weight of the coal produced. As concerns 
the proportion of power used at coal mines of the total power consumed, Professor 
Briggs quoted from a University of Illinois bulletin on an investigation made, under 
direction of Professor Callen, of the ventilation of 40 mines in w^hich 22.45 per cent, of 
the total power used at the mines represented the power consumed by the fans. 
Professor Briggs says about the same proportion prevails in Great Britain, but that 
the costs are more in Great Britain because of the deeper mines and other conditions. 

Studies were made in three groups of mines of different weekly production. In 
the first group with an average weekly production of 14,000 long tons (2240 lb.) the 
average horsepow^er in the air (he does not give the consumption of horsepower of 
the motors), in the 10 mines of the group was 220 lb., and the highest was 394 hp. 
The weight of air circulated in 24 hr. was five times that of the coal hoisted. In a 
group of nine mines which produced from 7000 to 14,000 tons, the average horsepower 
in the air was 136. The ratio of weight of air to the coal hoisted was 5.9 per cent, to 1. 
In a group of nine smaller mines, which produced under 7000 tons per week, the average 
horsepower in the air was 49, and the ratio of weight of air to weight of coal was 6.2 
to 1. 

Professor Briggs attempts to estimate for all the coal mines of Great Britain, and 
as you know, the annual production of that country is less than half that of this 
country. He figures that there are 80,000,000 tons of air circulated in 24 hr., and 
the annual cost of the mine ventilation amounts to $10,000,000. He estimates 
that the average cost of ventilation is 4 c. per ton of coal produced and that at 
some of the collieries the cost for power of ventilating is about $50,000 per annum. 

He quotes from Mr. Davis of South Wales. In 11 collieries the cost varied from 
3.2 c. to 18 c. per ton of coal hoisted. To us these figures seem to be high. 

More of such investigations are needed to determine the costs and locate unneces- 
sary losses. Evidently the losses are large. The average mining man does not 
appreciate the amount of money lost in a leak, yet in many mines only a quarter of 
the air that leaves the fan reaches the faces. When the mine owners begin to appreci- 
ate that air leakage means continued loss of money they will appreciate the advantage 
of intensive ventilation investigations made in their mines to stop the leakage of air 
and doUars- 

There is one problem which we have in metal mining,, but fortunately not in coal 
mining, in this country, and that relates to the high rock and air temperatures. I 
noticed in an interesting article recently published in Great Britain that the conclu- 
sion seemed to be that after all the high-temperature problem was one of increased 
ventilation, to carry away the heat at the working places. 

A. C. Callen, Urbana, 111. — At the time that I suggested that I would submit a 
discussion on this paper, Professor Weeks asked me if I could run a series of experi- 
ments prior to the meeting to either substantiate or refute the values of coefiScients 
which he had determined. Owing to the amount of time required, I did not get the 
results early enough, or in sufl&cient detail, to analyze them as I would like to have 
done. I worked over some data on the flow of water through orifices and found that 



BISCUSSIOX 


149 


in general the coefficient of contraction as determined by Professor Weeks’ method 
was considerably less in the majority of cases than the values he gave here for air. 
Those values, however, were for circular orifices in circular pipes. Professor Weeks* 
values are for square orifices in square pipes, so that there might perhaps be a differ- 
ence expected from that source. 

My plan was to rig up a duct and use orifices of a square, circular, and rectangular 
shape, in a square pipe, to see if I could confirm Professor Weeks' results and see how 
well the circular orifices in the square duct checked with w'ater. D. R. Mitchell and 
I ran about 100 tests, and I will briefly give the results. 

In general, we confirm Professor Weeks’ coefficient of contraction almost exactly. 
We ran an orifice wdth a ratio of 1.33, and plotted a curve with that as the low point 
and found that our points all checked very well with Professor Weeks’. 

For tw'o circular orifices in a square pipe the coefficients were 2 or 3 per cent, below", 
roughly, the values for a square orifice in a square pipe. The rectangular orifices 
checked fairly well with the results for square orifices, but w"e did not have sufficient 
time to run a large enough number of tests really to make a definite conclusion on 
this matter. These tests were made in a square duct, 10.4 in. on the side, of galvan- 
ized iron. All the joints were either soldered or very carefuUy calked up with a 
modeling clay, so there w^ere absolutely no leaks in the system. The velocity measure- 
ments were made by means of the Pitot tube. The orifice was placed approximately 
15 pipe diameters from the Pitot tube station, and the drop in pressure w"as taken over 
about 25 ft. of duct, which included the orifice. 

Previous tests were run on the drop in that 25 ft. of duct without orifices, so as to 
get the drop caused by various velocities. From these drops a curve was plotted, 
enabling corrections for the different quantities to be subtracted from the total drop 
when using an orifice, the remaining cost head being attributed to the orifice. 

The symmetry of pipe and orifice will probably play a considerable part in deter- 
mining the coefficient of contraction. If we have a circular pipe and circular orifice, 
I think we may perhaps get about the same coefficient of contraction as if we had a 
square pipe and a square orifice; but if a square orifice is put in a circular or a rec- 
tangular pipe, I am not quite sure that would follow the curve which might be plotted 
from Professor Weeks' results. I would say, however, that I am pretty well of the 
opinion that Professor Weeks' results could be used in either square or rectangular 
ducts, with either square or rectangular orifices, and the error w'ould probably not be 
over 2 or 3 per cent. 

G. S. Rice. — In glancing over Mr. McElroy’s discussion of Professor Weeks' 
paper, I noticed that he has carried out some tests at Butte. He gives comparable 
data. Can you analyze that offhand? The results seem to check up reasonably. 

A. C. Callbn. — It would appear that Mr. McElroy ran four tests with a circular 
orifice and circular pipe, and the coefficients’which he obtained seemed to cheek very 
closely, although the ratios were not quite the same as Professor Weeks’ values. 

G. S. Rice. — There seems to be a close correspondence in the upper range. 

A. C. CALiiEN.— They are very close. In Professor Weeks' values, for 1.25 ratio 
he gives 0.774 and Mr. McElroy found 0.770. At another place Mr. McElroy got 
0.648. it looks as though they corresponded very closely indeed, if that c is the same 
c. If that is so, it looks as though the symmetry of the circular duct and orifice might 
have something to do with the results on the square pipes being almost the same. 

H. P. Greenwald, Pittsburgh, Pa.— Mr. McElroy obtained his data while doing 
certain test work in the metal mines at Butte. The data are along the same lines as 
Professor Weeks’ and agree very well with his. The agreement is quite satisfactory 
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and mucli better than would be expected on large-scale experiments. Mr. McElroy 
has developed in this discussion a graphic method of solution of the problem for 
which Professor Weeks has a mathematical method, and the development of that 
graphic method, and the giving of the example and the graphs, constitute three- 
quarters of the discussion, but so far as discussion of Professor Weeks’ paper goes, 
he has really confirmed it with his own data. 

C. Evans, Jr., Scranton, Pa.— In your experiments, did you place your orifices 
symmetrically in the duct? Would that have any effect upon the experiment? 

A. C, Callbn, — I cannot answer the latter question exactly. The center of the 
duct and the center of the orifices coincided, and Mr. McElroy ’s did also. In work 
done with water and circular orifices at the University of lUinois some few years ago, 
tests were made with some eccentricities of orifices, and my recollection is that a 
moderate shift of the center of the orifice did not seem to affect the results very much. 

A. W. Hesse, Nemacolin, Pa. — What effect does the difference in the temperature 
of the air have on the formula that Professor Weeks has developed, especially in 
regard to his coefficient of contraction? I have noticed that during the winter 
months we get considerably more air than do during the summer months from the 
same number of revolutions per minute. 

A. C. Callen. — The temperature of the air would have no effect because the 
density cancels out in obtaining the coefficients. The other point is that more air is 
obtained in the winter than in the summer. Natural ventilation is probably the 
influencing cause there. 

W. S. Weeks (written discussion). — ^The coefficient of contraction given in this 
paper is, in reality, not the true coefficient of contraction that would be obtained by 
photographing the stream of air. It is, as I have called it, a virtual coefficient which, 
if used in the shock loss formula, will give the drop in pressure between the two static 
tips leading to the manometer. 

I see no way of separating out the turbulence due to what we call friction in the 
pipe section from that due to the shock of the faster stream impinging on the slower. 
When the orifice is inserted, the stream lines and velocities are entirely different from 
those encountered in normal flow through the pipe so the effect of the pipe on the drop 
seems to be indeterminable. In my coefficients the loss in the pipe between the two 
places where pressure is measured is reflected in the coefficient. 

Attention seems to be focussed on the exact values of the coefficients which will 
vary with variations in the construction of the orifice. I think that if it is agreed 
that the method of computing the size of an orifice to **do away'’ with a certain 
amount of static pressure is correct a standard orifice for mines should be designed, 
the coefficients should be determined and a conversion curve plotted similar to Fig. 2; 
or a better solution should be devised. 

The particular method for determining the correct ratio was used because the 
equivalent orifice formula is an old friend and it is easier for somn to compute the ratio 
with the old formula and read the tnie ratio from a curve than to learn an entirely 
new method. 



Propeller Fan Computations 

By F- Ernest Brackett, Cumberland, Md. 

(New York Meeting, February, 192S/ 

The simplicity of the propeller or disk fan, its small size and low cost, 
has, in recent years, led to an extended use of ventilators of this type at 
mines where only slight pressure is required. On this account the 
author of this paper has prepared for the new edition of Peele's Mining 
Engineers’ Handbook a more accurate method of computing the required 
size, power, and so forth, than was possible for the first edition. The 
main object of this paper is to set forth the data collected in the course of 
that work, and to discuss the subject with more latitude than would have 
been advisable in a handbook, even if space had been available. 

Theory of Faxs 

A great deal has been written about the theory of fans from Rankine’s 
time down to the present. Nevertheless a rigid mathematical analysis 
of the propeller fan seems to be wanting. A general idea of the mechanics 
and difficulties in the way of analysis may be gathered from the following: 

The useful pressure and velocity effects of the oblique impact of the 
vanes on the axial current would evidently be nil if the blades were per- 
pendicular to the plane of rotation, or if they were of such helieoidal form 
that the screw pitch multiplied by the speed represented an axial velocity 
agreeing with the actual velocity. Somewhere between these zero 
angles there is a pitch which, rmder given conditions of flow, would pro- 
duce the maximum useful effect. A true helieoidal blade can be so 
arranged that it would offer no retarding effect on the air current at any 
part of the wheel, provided the axial velocity be assumed the same in all 
parts of the cross-section of the air course, but .if plane surfaces are used, 
it is possible, imder some conditions, that the air would be retarded at the 
middle parts of the wheel while it was accelerated at the circumference. 
Whatever be the form of vane, it seems evident that the tips are far more 
effective than the center of the wheel, because of their higher velocity. 
For t.his reason some investigators believe that a backward current forms 
through the middle of the wheel and that part of the air is circulated in a 
radial axial loop. Ignoring the possible existence of this eddy and the 
friction of the walls of the air course; and assuming the axial velocity of 
the air through aU parts of the wheel, some rational analysis of the impact 
might be made according to the theory of deflecting surfaces, were it not 
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for the unstable velocities developed on the lee side of the fan. The most 
important of these are the residual rotational velocities of the air which 
must immediately tend towards the formation of a free vortex, causing a 
partial vacuum at the center and increasing the counter pressure at the 
circumference. Thus the primary axial urge of the wheel is modified, and 
doubtless improved, by the centrifugal effects back of it; which accelerate 
the central axial velocities where the wheel is inactive and retard the flow 
at the circumference. When air is prevented from passing the fan, by 
placing a diaphragm in the duct back of the wheel, this centrifugal action 
causes the air to circulate forward through the center and backward in 
the clearance space outside the tips at the circumference. 

In practice, the angle of the tips of the vanes with the plane of revolu- 
tion is usually from 30° to 40° and the mean axial velocity much less than 
the tangential speed of the tips, and less than the axial urge which the 
screw pitch would develop. Also, the combined pressure effect of both 
impulse and centrifugal force is less than the- head corresponding to the 
peripheral velocity. 

The Qtiasi Theory 

The quasi theory of propeller fans apphes to the usual type, operated 
within ordinary speed limits. It is based partly on theoretical and partly 
on empirical grounds. According to this theory, the total head (H) 
developed, is considered proportional to the head corresponding to an 
axial velocity found by multiplying the screw pitch at the tips of the 
vanes by the number of revolutions. As this pitch is, in practice, con- 
fined within fairly narrow limits, H may be considered approximately 
proportional to the square of the tangential velocity u\ The part of IH 
absorbed by the real axial velocity, v, is -i- 2g. The remainder appears 
as pressure caused by resistance to the flow. Suppose this resistance to 
be represented by its equivalent orifice, and let r be the ratio of the area 
of that orifice to the area of the fan, A. The velocity through the orifice 
then is -i- rA = V -7- r; and the pressure required to overcome the 
resistance is, approximately, 2pr®; that is, for equal values of r, this 
part of H is proportional to the square of the axial velocity. Hence, since 
both parts of H are proportional to the square of the real axial velocity, 
H varies as and, since it also varies as w®, v varies as u under equal 
values of r. 

The brake horsepower for propeller fans can not be considered as 
closely related to the useful work, since the eddies produced when little 
or no air is passing exert a powerful counter-torque against rotation. 
This power is more nearly proportional to the speed of the tips of the 
vanes, total pressure, and wheel area than to useful work. 

Stated concisely, the results of the quasi theory are: With the same 
ratio between the equivalent orifice and the area of the fan (1) the pres- 
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sure developed beai'S a constant ratio to the head corresponding to 
peripheral velocity, (2) the axial velocity bears a constant ratio to the peri- 
pheral velocity, and (3) the brake horsepower bears a constant ratio to 
the continued product of the area, total pressure, and tangential speed. 
These ratios, for various kinds and sizes of fans under different operating 
conditions, are given in Table 1 in columns 1, 7, 8, and 11. 

Fax Characteristics 

Tests are conducted by attaching the fan to a tube of the same 
diameter; in which a diaphragm, carrjing an adjustable resistance 
orifice, has been placed. Measurements consist in ascertaining the 
pressure of the air inside the test tube between the orifice and the fan, 
the volume of air passing, and the power consumed; corresponding to 
various speeds and orifice areas. The results, for any one speed of rota- 



FiG. 1. — CoMPAKISON OP SPEEDS AND SIZES, USING RATIOS POK COORDINATES. 

tion, may be plotted by using the test results as ordinates and the 
corresponding areas of the orifice for abscissas. A more useful and com- 
mon form of graph is formed using ratios instead of absolute values 
for the coordinates thus permitting a more ready comparison between 
results for different speeds and sizes. Fig. 1 is a sketch of a graph made 
in this way. The horizontals are r = orifice area ^ fan area. The 
verticals for the pressure curves represent pressure divided by the 

“peripheral velocity pressure” or h t- The curves of volume and 

horsepower are percentages of the maximum values of those quantities 
at r = 1 and r = 0 respectively. 
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The volume curve is a direct function of being convex upward and 
passing through the origin. Brake horsepower is an inverse function, 
being greatest when ?* = 0 and decreasing as the volume increases. 
Hence a fall or stoppage in the air course does not tend to create excessive 
speed at the fan. The efficiency graph is convex upward, and shows a 
maximum at approximately r = 0.60. There are two pressure graphs; 
one representing the static pressure and the other the total pressure which 
includes the velocity head. Both begin at the same point on the ordi- 
nate r = 0, since at that point there is no velocity, and fall with increasing 
divergence until, at ?' = 1, the static graph reaches zero and the total 
pressure registers a head corresponding to axial velocity when the fan 
is running “open^^ or without resistance. 


Interpretation of the Pressure Graphs 

It is essential to distinguish carefully the significance of these graphs 
in relation to the observed water gage and the hypothetical mine resist- 
ance or useful work. With a blower, the static graph represents the 
observed water gage, and the total-pressure graph equals the sum of the 
frictional resistance of the mine and the head necessary to develop 
entrance velocity at the intake. These graphs are identical whether the 
fan is installed as a blower or an exhauster, and the total pressure equals 



Fig. 2, — Difference in static pres- 
sure BETWEEN COMPRESSED AIR IN ORI- 
FICE CHAMBER AND OUTSIDE ATMOSPHERE, 
MEASURED BY WATER GAGE Wb- 



Fig. 3. — Difference in static pres- 
sure BETWEEN AIR AT AXIAL VELOCITY ON 
BOTH SIDES OF FAN, MEASURED BY WATER 
GAGE We^ 


mine friction and velocity head in either case; but if used as an exhaust 
fan the total-pressure graph represents the water gage. This is made 
clear by a study of Figs. 2 and 3. 

Let H be the difference in static pressure, expressed in feet of air head, 
between air in the fan duct, at axial velocity Vy before and after it passes 
the fan. In an experiment made with a blower, as in Fig. 2, the water 
gage Wh measures the difference in static pressure between compressed 
air in the orifice chamber and the outside atmosphere. This is less than 
i? by a quantity equivalent to the head necessary to develop the axial 

velocity v. Hence, with a blower, H = Wh + = total pressure ordi- 
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natc = sum of mine friction and velocity heads. In an exhausting 
experiment, Fig. 3, the water gage IF.. measurc.s the clilterence in static 
pressure between air at axial velocity mi botli side-s of the fan, because 
the exit velocity is absorbed by fluid friction and does not produce any 
difference in pressure between the tube and the outside air. Hence 

We = H. The quantity ho = IFi = ^11% - is called 

the zero-zero pressure of the ventilator, and expresses the pressure which 
would be produced between two large bodies of quiescent air. It has 
been used as a basis in comparing ventilating machines to obviate con- 
fusion as to the method of reading the gage. jS’evertheless, the velocities 
produced represent potential energj', a part of which can usuallj’ be 
converted into useful work by properly arranging the plant. Hence 
“plant efficiency” will sometimes differ from the “fan efficiency” 
computed by using ho as the useful pressure. 

Data on Propeller Fans 

Table 1 has been compiled principally from the manufacturers’ trade 
circulars. To this have been added a few data from graphs and from 
Kent’s Pocketbook. In selecting the data an effort has been made to 
get a general “cross-section” of results from fans differing widely in size 
and operating conditions. In this table the figures given in columns 6, 
7, 8, 10 and 11, are almost entirely the results of computations by the 
author on the given data. In cases where the value of r was not stated, 
its value was computed by using a vena contracta coefficient of about 0.9. 
This figure, arrived at by computations on data where the ratio was given, 
is probably too large for the lovrer orifice ratios. In comparing the 
efficiencies it should be borne in mind that these include mechanical 
friction, and that some of the fans use roller bearings. Hence high 
efficiency does not necessarily indicate superior design from a hydro- 
dynamical standpoint. 


Empirical Formitlas 

The following formulas are an elaboration of the quasi theory, based 
on fan graphs and the data given in Table 1. 

Let: D = diameter of wheel in feet, 

N = number of revolutions per minute, 

Q and g = air delivered, cubic feet per min. and per second, 

A = area of fan = 0.7854 D®, 

V = mean axial velocity, feet per second — q/ A, 

W = water gage corresponding to H, inches, 

H = total’ pressure, feet of air, = 5.2W/d = fiO.STT, 
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Table 1. — Data on Propeller Fans 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Orifice 

Ratio 

r 

Diam ., 

Speed , 

Volume , 
Cu . Ft . 

Water 

Gage , 

W 

2 gh 

0 

B . hp . 

Effic , 

B . hp . X lb ‘ 

Ft , 

R . p . m . 

per M ., 

Q 

In . 



u 

E 

60 uAW 

0. 

1 4.0 

I 

; 598 

0 

1.10 

1.10 

0.31 

0. 

4.24 

0. 

0.41 

0. 

1 8.0 


0 



0.43 

0. 


0. 

0.39 

0.25 

1 4.0 

i 598 

10,200 


0.96 

0.27 

0.106 

3.52 

0.365 

0.25 

' 8.0 

305 

65,000 

i 

1.00 

0.28 

0.170 

26.00 

0.54 

0.68 

0.27 

! 1.5 

1,150 

1,530 

0.75 

0.80 

0.44 

0.160 

0.73 

0.26 

0.95 

0.27 

, 4.0 

1 430 

10,800 

0.75 

0.80 

0.44 

0.160 

5.15 

0.26 

0.95 

0.27 

8.0 

i 215 

43,500 

0.75 

0.80 

0.44 

0.160 

20.80 

0.26 

0.97 

0.27 

; 10.0 

: 172 

68,000 

0.75 

0.80 

0.44 

0.160 

32.50 

0.26 

0.96 

0.34 

4.0 

' 330 

8,399 

0.26 

0.29 

0.27 

0.160 

1.31 

0.29 

0.86 

0.37 

8.0 

1 215 

50,000 

0.50 

0.56 

0.31 

0.183 

15.60 

0.28 

1.03 

0.41 

4.0 

i 340 

9,983 

0.28 

0.28 

0.25 

0.184 

1.12 

0.39 

0.74 

0.45 

3.0 

, 450 

5,800 

0.25 

0.29 

0.26 

0.193 

0 56 

0.49 

0.62 

0.45 

3.0 

910 

12,800 

1.00 

1.20 

0.26 

0.209 

6.10 

0.39 

0.83 

0.45 

4,0 

353 

11,100 

0.25 

0.30 

0.25 

0.198 

1.38 

0.38 

0.82 

0.45 

4.0 

500 

15,650 

0.50 

0.60 

0.24 

0.196 

3.90 

0.38 

0.81 

0.45 

4.0 

612 

19,700 

0.75 

0.90 

0.24 

0.202 

7.40 

0.38 

0.85 

0.45 

4.0 

705 

22,800 

1.00 

1.20 

0.25 

0.203 

11.20 

0.38 

0.83 

0.45 

6.0 

1 233 

24,700 

0.25 

0.30 

0.25 

0.200 

3.00 

0.39 

0.81 

0.45 

6.0 

i 405 

43,500 

0.75 

0.90 

0.25 

0.202 

16.10 

0.38 

0.83 

0.45 

8.0 

175 

43,800 

0.25 

0.30 

0.25 

0.198 

5.40 

0.38 

0.82 

0.45 

8.0 

I 250 

62,000 

0.50 

0.59 

0.24 

0.197 

15.30 

0.38 

0.82 

0.45 

8.0 

' 305 

78,000 

0.75 

0.90 

0.25 

0.203 

30.00 

0.37 

0.88 

0.45 

8.0 

1 350 

90,000 

1.00 

1.20 

0.25 

0.203 

45 00 

0.38 

0.85 

0.45 

10.0 

140 

67,500 

0.25 

0.30 

0.25 

0.196 

8 50 

0.375 

0.83 

0.45 

10.0 

280 

140,000 

1.00 

1.20 

0.25 

0.203 

70.00 

0.38 

0.84 

0.50 

4.0 

250 

10,000 

0.125 

0.16 

0.26 

0.250 

0.40 

0.63 

0.63 

0.50 

4.0 

350 

14,000 

0.25 

0.33 

0.27 

0.250 

1.00 

0.70 

0.55 

0.50 

4.0 

424 

12,550 

0.26 

0.31 

0.174 

0.186 

0.97 

0.634 

0.46 

0.50 

4.0 

598 

17,770 

0.50 

0.62 

0.174 

0.187 

2.73 

0.64 

0,45 

0.50 

4.0 

600 

24,000 

0.76 

0.98 

0.27 

0.250 

6.00 

0.62 

0.64 

0.50 

4.0 

731 

21,700 

0.75 

0.93 

0.176 

0.186 

5.00 

0.638 

0.46 

0,60 

4.0 

775 

31,000 

1.25 

1,64 

0.28 

0.255 

12.00 

0.67 

0.59 

0.50 

4.0 

946 

28,000 I 

1.25 

1.65 

0.176 

0.186 

10.75 

0.638 

0.46 

0.50 

6.0 

282 

27,800 

0.25 

0.31 

0.18 

0.185 

2.14 

0,64 

0.46 

0.50 

6.0 

488 

48,150 

0,75 

0.93 

0.18 

0.186 

11.10 

0.64 

0.46 

0.50 

6.0 

630 

62,250 

1.25 

1.65 

0.18 

0.186 

23.90 

0.64 

0.46 

0.50 

8.0 

125 

36,000 

0.125 

0.16 

0.26 

0.225 

1.40 

0.64 

0.55 

0.50 

8.0 

176 

50,000 

0.25 

0.31 

0.26 

0.227 

4.00 

0.61 

0.59 

0.50 

8.0 

211 

49,000 1 

0.26 

0.31 

0.18 

0.186 

3.76 

0.64 

0.46 

0.50 

8.0 

305 

86,000 

0,75 

0.93 

0.26 

0.225 

20.00 

0.63 

0.56 

0.50 

8.0 

366 

85,000 

0.75 

0,93 

0.18 

0.186 

19.60 

0.64 

0.46 

0,50 

8.0 

^5 

473 

110,000 

1.25 

1.55 

0.26 

0.225 

42.00 

0.64 

0.55 

0.50 

8.0 

109,820 

1.25 

1.55 

0.18 

0.186 

42.10 

0.64 

0.46 

0.60 

1.5 

1,160 

2,300 

0.25 

0.36 

0.20 

0.240 

0.36 

0.36 

1.04 

0.60 

4.0 

430 

16,300 

0.25 

0.36 

0.20 

0.240 

2.56 

0.36 

1.05 

0.60 

8.0 

215 

65,000 

0,25 

0,36 

0.20 

0.240 

10.20 

0.36 

1.04 

0.60 

10.0 

172 

102,000 

0.25 

0,36 

0.20 

0.240 

16.00 

0.36 

1.05 

0.75 

4.0 

598 

21,400 


0.31 

0.088 

0.224 

2.03 

0.65 

0.69 

1.00 

1.5 

1,150 

3,750 

0 

0.28 

0.16 

0.386 

0.56 

0.30 

2.10 

1,00 

3.0 

232 

4,500 

0 

0.025 

0.08 

0.286 

0.06 

0.30 

1.50 

1.00 

3.0 

465 

9,000 

0 

0.10 

0.08 

0.286 

0.45 

0.31 

1.40 

1.00 

4.0 

173 

8,000 

0 

0.025 

0.086 

0.290 

0.10 

0.30 

1.50 

1.00 

4.0 

340 

20,372 

0 

0.16 

0.14 

0.380 

0.76? 

0.67? 

0.88? 

1.00 

4.0 

345 

16,000 

0 

O.IO 

0.086 

0.29,0 

0.80 

0.31 

1.50 

1.00 

4.0 

1 430 

26,500 

0 

0,28 

0,16 

0.386 

4.00 

0.29 

2.10 

1.00 

4.0 

520 

24,000 

0 

0.22 

0.083 

0.290 

2.70 

0.31 

1.50 

1.00 

4.0 

598 

21,900 

0 

0.19 

0.054 

0.230 

1.65 

0.43 

1.44 

1.00 

6.0 

228 

36,000 

0 

0.10 

0.09 

0.290 

1.75 

0.31 

1.40 

1.00 

8.0 

85 

30,500 

0 

0.023 

0.082 

0.282 

0.40 

0.28 

1.60 

1.00 

8.0 

175 

61,000 

0 

0.09 

0.075 

0.275 

3,00 

0.29 

1.50 

1.00 

8.0 

215 

105,000 

0 

0.28 

0.16 

0.386 

15.90 

0.29 

2.10 

1.00 

8.0 

260 

92,000 

0 

0.20 

0.075 

0.280 

10.25 

0.28 

1.60 

1.00 

8.0 

305 

110,000 

0 

0.18 

0.05 

0.290 

14,30 

0.31 

2.00 

1.00 

10.0 

70 

47,000 

0 

0.022 

0.073 

0.274 

0.60 

0.27 

1.60 

1.00 

10.0 

140 

95,000 

0 

0.09 

0.075 

0.275 

4.75 

0.285 

1.50 

t 00 

10.0 

172 

165,000 

0 

0.28 

0.16 

0.386 

25.00 

0.29 

2.10 
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ho — feet of air corresponding to observed water gage when fan acts 
as a blower. 

u = peripheral velocity, feet per second, = 0.0524Z)J \’ ; 

0 = area resistance orifice, square feet; 
r = orifice ratio = o/A, 
u.hp. and b.hp = useful and brake horsepower, 

E = efiSciency = u.hp./b.hp., 
k = variable pressure coefficient, 

K and a = type constants defining k, 
f = type constant defining power, 
g = acceleration of gravity = 32.2, 

d = density of air, pounds per cubic foot, = 0.075 approximately. 


' Theoretical maximum head or “peripheral velocity pressure” is 
u^/2g. The actual pressure, being less than this, is 


H = 


ku^ 



[ 1 ] 


Where H and ho are measured by gage as in exhaust and blowing experi- 
ments respectively. Making K the value of k when r equals zero, and 
assuming a straight-line graph for the total pressure 

Ku^ 

H = ^^-Cl - ar) [2] 

The velocity through the resistance orifice, omitting the vena contracta 
coefficient, is 2gH. Since the ratio of this velocity to the velocity in the 
tube is inversely as orifice ratio 

V = ry/2gH = ru\/K{X — ar) [3] 

and the volume delivered is 

g = o\/2gH = Atu-\/K{ 1 — ar) [4] 

Values of K range from 0.25 to 0.50, and of a from 0.65 to 0.85. Average 
values are K = 0.38, a = 0.75. 

The useful work done by the fan (including velocity) is 

u.hp. = ^ = O.OOOlhSTTQ [5] 

ooU 

Brake horsepower, although approximately proportional to pressure, 
area and speed, tends to increase with the orifice ratio when these factors 
are constant. Formula 6 approximates a wide range of data. 

b.hp. = /(I + r^)WND^ 

Values of / range from 0.00010 to 0.00025, averaging 0.00017. 


[6] 
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Efficiency, found by dhuding equation 5 by equation 6, is 

_ 0.000158Q 

^ ~ /(Y + rsyjV'jD® 


When / = 0.00017 this equation reduces to 

_ 0.93Q _ 

(1 + 'r^)ND^ 


[ 7 ] 

[7a] 


In order to ascertain the relation existing between the efiB.ciency and the 
orifice ratio; substitute in equation 7 the value of N derived from equa- 
tion 2 and the value of Q derived from equation 4. These values are 


V _ I 10 A gW" 

TD'\dK(l — ar) 

Q - 

Whence _ _ 

„ _ O.OOOIoSv^a/K w rVi — ar 

ii = X -(r+7^ 


[ 8 ] 

[9] 

[ 10 ] 


Hence efficiency depends wholly on the fan constants and the orifice 
ratio and is independent of both size and speed. Putting / = 0.00017, 
K — 0.38 and a — 0.75. 


1.41rVi - 0.75r 
(i + r») 


[10a] 


Table 2. — Comparison of Results with Formulas 


r = 0. 0.250 0.270 0.450 0.500 0.600 0.750 1.000 

= Maximum. . . . 0.430 0.280 0.440 0.260 0.280 0.200 0.160 

Minimum... . 0.310 0.270 0.440 0.240 0.174 0.200 0.088 0.050 

Formula 0.380 0.309 0.303 0.252 0.238 0.209 0.166 0.095 

v/u = Maximum 0.170 0.160 0.209 0.255 0.240 0.386 

Minimum.. . 0.10.6 0.160 0.193 0.185 0.240 0.224 0.230 

Formula 0.139 0.148 0.226 0.243 0.274 0.306 0.308 

Efficiency, Maximum... 0.540 0.260 0.490 0.700 0.360 0.650 0.43 

Minimum 0.365 0.260 0.370 0.610 0.360 0.270 

Formula 0.312 0.333 0.473 0.495 0.516 0.492 0.352 

= Maximum 0.680 0.970 0.880 0.640 1.050 2.100 

Minimum 0.410 0.390 0.950 0.620 0.450 1.040 0.690 1.400 

Formula 0.688 0.699 0.702 0.751 0.774 0.837 0.978 1.376 


Comparison of Formulas with Data 

In Table 2, selected high and low values, taken from Table 1, are 
compared with the results of the formulas using average values for the 
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constants. The formulas re(IiK*(*fl to the form required to make the 
comparison arc: 

= o.;3sa - 0.7.3/-) 

11 - 

»-v^6.38(1 — 0.7.5?') 

1.41/"\/i — 0.75/’ 

0.688(1 -f ?•=*) 

Proper Size of Fax 

The proper size of fan for stated volume and pressure, considered from 
a theoretical standpoint, is that size which will give the greatest mechani- 
cal efficiency. In practice this principle must be modified because it 
implies too large and costly a plant for low pressures. The scheme given 
below indicates the most efficient size up to a point where size is limited 
by the usual engineering practice. 

Propeller fans usually operate between one-quarter orifice and no 
resistance, or wide open; that is between ?• = 0.25 and r = 1.00. The 
average efficiencies corresponding to these ratios, as given by equation 
10a, are 31 and 35 per cent, respectively, but between these ratios effi- 
ciency attains a maximum. The ratio corresponding to maximum effi- 
ciency may be found by differentiating equation 10. The value of r so 
found satisfies the equation 

1.5ar(l - r3) = (1 - 2r^) [11] 

Substituting 0.75 for a, the value of r is found to be 0.617; and the maxi- 
mum efficiency, corresponding to this value, found from equation 10a, 
is E = 0.6164. These figures harmonize with experimental results. 

The most efficient size for given volume and pressure may be found by 
substituting the most efficient value of r in equation 9. Putting r = 
0.62, soMng for D, and reducing, 

B. 0.023 112] 

Since this formula gives unnecessarily large fans for low pressures, engi- 
neering practice sets an arbitrary limit to diameter, depending on volume 
alone. T hi s limit varies with local conditions between 0.024 and 0.040 
multiplied by -s/Q. The average is 

D = 0.032-v/Q [12al 

Since equations 12 and 12a correspond when the water gage, W, 
equals 0.25 in. the best practice is to determine diameter by equation 
12 when the pressure is above that figure; and by 12a when it is below. 


V 

u 


E 

b.hp. X 10^ 

“■eouTrji"" 
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The above rule may be varied to suit local conditions; but, to avoid 
waste of power, the orifice ratio should preferably not be less than 0.25; 
and, if stock fans are used, the speed limits given by the manufacturers 
should not be exceeded. With average values of the fan constants, the 
peripheral velocity implied by equation 12 will not exceed 12,000 ft. 
per min., provided the value of W is less than 1.8 in. The application of 
equation 12a to pressures below W = 0.25 in. implies an orifice ratio 
greater than r == 0.62, and a peripheral speed less than about 4500 ft. 
per min. When r = 0.25 ^ 

which permits a water gage of TF = 2.7 in. without exceeding a peripheral 
speed of 12,000 ft. per min. To find the value of r corresponding to the 
smallest diameter consistent with a given speed limit, consider the follow- 
ing equation, which can be derived from equation 4 : 


Q 

Dh 

= 47.12uV'i?:(l - ar) = ZUSVW 

[12c] 

Solving for t gives 


'1 _ 4463TF] 

[12d] 


r = 

a aKu^ J 

whence the required diameter can be found. 



Example op Computation 

Required the size of fan, speed and horsepower, to deliver 100,000 
cu. ft. of air per min. at 1-in. water gage, fan installed as an exhausting 
plant. Also for 2-in. water gage, with a peripheral speed not exceeding 
12,000 ft. per min. Since the gage is 1 in., diameter may be arranged to 
attain maximum efficiency without excessive speed. Using equation 
12, D = 0.023 \/iOO, 060 = 7.3 ft. The required speed is found from 
equation 2, which can be reduced to u = -s/4463 PF jf(l — ar). Mak- 
ing K = 0.38, a = 0.75 and r = 0.62; u is found to be 148.5 ft. per sec., or 
8910 ft. per min.; which corresponds to 390 r.p.m. Brake horsepower 
required, from equation 6, is /(I 4- r®)TFA/’D® = 0.00017 X 1.24 XIX 
390 X 389 = 32 brake horsepower. 

If 2-in. water gage had been required in the above instance, the most 
efficient diameter could not have been used without exceeding a peripheral 
velocity of 12,000 ft. per min. The largest advisable diameter, obtained 
by substituting TF = 2 in equation 125, is 9.5 ft. But as this diameter 
permits 2.7 in. water gage without exceeding 12,000 ft., a smaller and 
more efficient installation can be made. To find the smallest diameter 
consistent with this speed limit, put u = 200, TF = 2, and the average 
values of K and a, in equation 12d. Then r is found to equal 0.55. Sub- 
stituting this value in equation 12c, gives D = 6.3 feet. 
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No comparison of the general merits of the several fans listed in the 
table has been intended. Construction, desirable from many points of 
view, is not always compatible with high mechanical efliciency; and he 
who wishes to purchase a fan must weigh all its advantages and dis- 
advantages in the light of his own especial conditions. 

DISCUSSION 

G. E, McElroy, Pittsburgh, Pa. (written discussion). — This paper is an ingenious 
piece of mathematics that averages practical fan performance and data, but without 
very close agreement with any one set of data. Its usefulness, therefore, would seem 
to be limited to very approximate solutions of problems in fan selection in the absence 
of detailed data such as the fan manufacturers provide. Fan selection should be 
handled, I think, from curves or tables of generalized performance data where such a 
method is possible. 

M. D. Cooper, Pittsburgh, Pa. — A practical example of the use of disk fans 
occurred a few months ago. We had occasion, in Masontown, Pa., to shut down a 
mine which was ventilated by a Capell type of fan of about 18 ft. dia. and 7 ft. wide. 
It was giving about 100,000 cu. ft. of air per min. The payroll at that time amounted 
to about 300 men. It now amounts to about 12 men, including the superintendent 
and the clerk. We had purchased power available, so we closed up the Capell fan and 
inserted in the side of the fan house a 6-ft. propeller-type fan operated by purchased 
power. That fan is running satisfactorily, and instead of keeping the boiler plant 
running and the power house and the steam-driven fan, we are now ventilating the 
mine with 40,000 cu. ft. of air per min. from the little fan, thereby saving* a great deal 
in cost. 

G. S. Rice, Washington, D. C. — What is the water gage? 

M. D. Cooper. — ^About an inch. We are saving in power and in labor, and the 
mine is absolutely clear. Frequent examinations show' that although there is a 
certain tendency for generation of black damp we are getting satisfactory results 
with this emergency arrangement. 

G. S. Rice. — South African mining magazines^ have reported the use of airplane 
propellers, of which there are three or four in series. They claim an efficiency as 
high as 70 per cent. That is surprisingly high, because I would have expected that 
the air would be made turbulent by the first propellers of the series, which would be 
unlike the case of airplane propellers that are cutting into a fresh body of air all the 
time. 

I think the usual difficulty has been in connection with getting sufficient head in 
slippage which occurs when there is hard resistance. 

iR. Briggs: The Ventilation of Mines Considered from the Engineering Stan- 
point — The Air Screw Fair. Colliery Engrg. (1928) 6 , 317. 

VOL. 76 — 11 
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H. P. Greenwald, Pittsburgh, Pa. — Mr. McElroy is compiling the results of a 
number of tests made in the metal mines at Butte, Mont., at the time of the yco^v 
when temperatures change very rapidly. Natural ventilation in those deep shafts 
changes with temperature, and he finds that it had a most surprising effect on the 
total quantity of air. I believe he said there were times when as much as 60 per 
cent, of the total volume of air moving was induced by natural ventilation. With 
the fan shut down half of the original volume of air continued to circulate. Natural 
ventilation has been the subject of experimentation and papers® on it have been 
published in England. It has been found quite an important factor in their deep 
coal mines, particularly where the mine w’as warm and the outside air cold. 

G. S. Bice. — In deep mines the natural ventilation is sometimes very strong, but 
you cannot rely on it always continuing so or in the same direction. 

C. W. Gibbs, Hai^dck, Pa. — I have rather an interesting problem before me now in 
our mine. We have an auxiliary fan, steam-driven, and want to do away with the 
boUer system and the old type of steam fan. It is a question of whether we will install 
a high-speed fan of smaller diameter, and if so, what type of motive power will be 
used. We have electricity but we prefer to have an auxiliary fan independently 
driven. What information is there on the use of oil or gas Diesel engines in oper- 
ating the fans, and what is the tendency to the high-speed fan as against those of 
larger diameter? 

D. Harrington, Washington, D. C, — ^As far as the second installation is con- 
cerned, there are a number of second installations in the country that are using either 
gas or oil. The Woodward Iron Co. in Alabama has one of its mines equipped with 
an auxiliary fan, which, by the way, undoubtedly saved the lives of a consider- 
able number of men after an explosion about three years ago. The ordinary fan 
went out of order immediately, but in 16 min. the second fan was in operation and 
pulling normally. 

The Empire Mining Co. in Southern Colorado has a similar installation. As far 
as I know, it is entirely satisfactory. They use it only for emergencies, possibly not 
more than half a do 2 fen days a year, but it is in place and ready to go. 

G. S. Hice. — What is the experience in the Pennsylvania coal mines with dupli- 
cate fans? 

H. N. Eavbnson, Pittsburgh, Pa. — The mines with which I am connected have 
no installations other than steam and electric-driven fans. Steam-driven fans at 
gaseous mines are maintained in regular operation. The duplicate fans are electric. 
Sometimes during periods of shutdown, the electric-driven fan is operated constantly 
and the steam fan shut down, but when the mines are operating, the steam fans are 
generally depended upon. There are no installations at these plants driven by 
gas engine. 

G- S. Bice. — I think there are quite a number of dupKcate fans in the country, 
that use a different power circuit from the main ventilating fan. 

H. N. Eavenson. — ^We have always endeavored to have two sources of supply 
for electric-driven fans, using our own current normally. 

J. A. Garcia, Chicago, 111. — I would like to call attention to the texrope drive 
for fans. This drive is merely a series of small V-shaped, composition ropes, each 
endless, operating in grooves on the pulleys. 

* B. Clive: The True Effect of Natural Ventilation in Deep Mines. Trans, Inst 
Min. Engr. (1923-24) 67, 268-315. 
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Our experience has been quite satisfactory with this improved rope drive, and 
we are now considering its use on fan drives as high as 500 hp. It permits the motor 
to be quite close to the fan, and it is not necessary to have long centers to get contact. 

At a recent installation where a very large motor was used on the fan, the belt 
renewals and repairs cost close to $2000 a year and with the multiple V-rope system, 
the repairs so far have been negligible. 

We also have used this type of drive on screens satisfactorily. 

We respectfully suggest that the Committee investigate this type of drive for 
fan service. 

G. S. Rice. — In 1923, I saw such rope drives for fans in Europe, and they were 
spoken of very favorably then. 

J. Garcia. — This is not a rope drive in that a tension take-off is needed. 

G. S. Rice. — ^That is true. It is an excellent point to bring out in order that this 
Committee may study the advantage in that method of driving a fan. 



Recirculation of A.ir and Mine Gas Caused by Auxiliary Fans 
as Used in Coal Mines* * * § 

By H. P. GREENWALRf AND H. C. HoWARTH,t PITTSBURGH, Pa. 

With an Introduction by G. S. Rice§ 

(New York Meeting, February, 1928) 

Intkodttction 

The rapidly increasing use in coal mines of portable auxiliary fans, 
which are generally “blowers” employed in connection with canvas 
tubing, raises questions concerning the hazards of such equipment, 
especially where the practices are opposed to established methods of 
ventilating face workings. Half a dozen or more coal-mine explosions 
and some fires have been attributed to the use of auxiliary fans; more- 
over, competent mining engineers have found many dangerous installa- 
tions and methods of use — ^for example, intermittent running of the 
fans in gassy mines with consequent accumulations of firedamp at the 
faces. These facts have led the U. S. Bureau of Mines to issue 
this recommendation: 

“In the interest of safety, the Bureau of Mines, Department of Commerce, 
recommends that auxiliary fans or blowers should not be used in coal mines as a 
substitute for methods of regular and continuous coursing of the air to every face 
in the mine.” 

The comparatively recent introduction of new types of mining 
machines, mechanical loaders, face conveyors, and slabbing machines 
has encouraged the trial of new systems of face mining, aU of which 
have for their object the rapid advance of the faces. Although the latter 
has certain economic advantages, in gassy mines the rate at which gas 
is given off is generally found to increase in proportion to the speed 
of advance into new territory, which in turn increases the difficulties 
of efficient ventilation of the face workings. Some of the systems of 
advance mining being tried in connection with new mechanizing methods 
practically compel the use of blower fans and tubing, as single narrow 
places are now driven 300 ft. or more without crosscuts. In some 
instances a series of parallel headings are driven without crosscuts pre- 
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paratory to slabbing; reliance is then placed on auxiliary fans for ventila- 
tion, the return of one becoming the intake of the next. Whether some 
of these systems are necessary for efficient mechanization of mines is 
doubtful. At all events, they introduce new mining dangers. 

The hazards of using auxiliary fans are well set forth in the paper* 
by H. L Smith, given last year before the Mine Ventilation Committee 
of the Institute, and in the discussion that followed by Daniel Harrington 
and others. 

This paper does not propose to discuss further the general question 
of the advisability of the use of auxiliary’- fans or the several hazards 
connected therewith, except the single one of accumulation of mine gas 
caused by recirculation. The chief object of the study was to devise 
means to minimize recirculation where auxiliarj’- fans and tubing are used. 
The data on this subject were obtained by a series of tests made in the 
Bureau of Mines experimental mine, near Bruceton, Pa., by H. P. Green- 
wald and H. G. Howarth. The giving off of flammable gas at the face of 
an entry, as when an undercutting machine strikes a gas "feeder” or 
“blower,” was simulated by piping natural gas to the face and liberating 
it there at a metered rate. The volume of the pure air current from which 
the auxiliary fan drew its supply and the volume of return air and gas 
were each carefully measured and samples of the latter mixture were taken 
and analyzed. 

The first tests were made in a side entry 90 ft. long at right angles to 
the main entry in which the auxiliary fan was placed. Similaar tests, 
using two fans, were made in the headings of the main entry and parallel 
air course, each of which extended 50 ft. inby an open crosscut. In 
the first group of tests the fan was placed successively in the mouth of the 
side entry and in the main entry at various specified distances outby the 
rib corner of the side entry, the tubing in the latter tests making a right- 
angle bend. It was found that the fan inlet should be in the main entry 
not less than 8 ft. on the intake side of the side entry, and in this location 
the fan could take only 40 per cent, of the air current in which it was 
placed. Increasing the distance to 16 ft. increased the available frac- 
tion of the main air current about 10 per cent. The effect of hanging 
check curtains to prevent recirculation was determined for one position 
of the fan, but the results, though slightly favorable, were not decisive 
enough to permit positive recommendation for their use. Under ordinary 
conditions, placing the fan further outby would be a better plan. 

In the second group of tests, two fans were placed in the main entry 
outby the last crosscut. The tubing leading to the face of the main 
entry was without bends, while that leading to the face of the mr course 
had two right-angle bends. The residts were not found to differ appreci- 

^ H. I. Smith: The Use and Dangers of Booster and Avixiliary Fans, as Applied 
to Coal Mine Ventilation. Trans. (1927) 76, 629. 
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ably from those obtained in the side entry for the same ratio of fan 
delivery to main air-current volume. 

Under the conditions of test, when the volume circulated by the 
auxiliary fan was approximately equal to that of the main current there 
was certain to be recirculation to greater or less extent, depending on 
the position of the fan. The maximum found was 50 per cent, when the 
fan was directly at the mouth of the heading. In one example, when the 
volume of gas liberated at the face was 1 per cent, of the volume handled 
by the fan, the percentage of gas in the return of the heading rose to 1.8 
per cent, in hr. On the same basis, if the ratio of pure gas was 2.5 
per cent, of the fan delivery, the percentage of gas in the return would rise 
to 4.5 per cent. In such case, there would probably be an explosive 
mixture somewhere between the face and a point opposite the discharge 
end of the canvas tubing. 

Tests were made to determine how far the end of the tubing might 
be from the face and yet obtain a good stream of air at the face. It was 
foundj under the conditions of test, that 35 ft. was the maximum distance 
advisable to obtain good mixing of the air and gas. This result was 
obtained in an unobstructed heading and does not indicate what con- 
centration of gas might take place at the face if the flow of air from the 
end of the canvas tubing met obstructions, such as a full car standing 
near the face. To meet this condition, it seems advisable that the 
tubing should extend at least to a point opposite and to one side of where 
a car might be placed. The effect on recirculation of the frequent moving 
of cars in the main entry was not obtained, but as such effect might be 
important, it emphasizes the need of keeping the fan at a considerable 
distance outby the mouth of a heading and of having the main current 
at least 23 ^ times the volume taken by the auxiliary fan. 

A formula was developed for calculating the rate at which gas 
increased in the return for different conditions of recirculation and the 
maximum percentage of gas attained when the rates of gas liberation and 
delivery by the fan are varied. 

It is believed that the data gathered by Greenwald and Howarth 
constitute a valuable contribution, covering certain phases but by no 
means all, of a timely subject which will better enable coal-mining officials 
to determine the degree of hazard in using auxiliary fans and tubing for 
face ventilation and when such equipment is used to determine the least 
hazardous arrangement. 

Aeeangement op Tests 

The investigation was limited to determination of the precautions that 
must be taken to prevent recirculation during normal operation of the 
fan. Fig. 1 is a plan of the portion of the experimental mine in which the 
tests were conducted. No. 1 right is a single entry 100 ft. long, driven off 
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the main entry at a point 775 ft. from the pit mouth and 535 ft, from the 
face. Side openings from No. 1 right were brattieed off, making it in 
effect an unbroken dead end entry. The main ventilating current passed 
the mouth of No. 1 right in a straight line. A different arrangement was 
present at the face of the main entry where the main ventilating current 
made a right-angle bend through a crosscut in passing the entry dead end. 

Fig. 2 is a plan view of the arrangements at No. 1 right entry in detail 
and on a larger scale. The fan was located in different tests at points 
Bi, Bi, Bi and Bi. At point Bi the inlet of the fan was 16 ft . outby the outer 



Fig. 1. — Plan op test zones 

IN EXPEBIMENTAL MINE. 



Fig. 2. — Abb.angbment op tests in No. 1 bight 

BNTBT. 


rib line of No. 1 right entry ; at points Bt and Ba it was 8 ft. outby this line. 
At point Bi the fan was set in No. 1 right entry, but the inlet projected 
into the main entry 1 ft. beyond the rib line thereof. The tubing is 
shown as connected to the blower at location B^ only; of course, readjust- 
ment was necessary when the blower was moved to the other locations. 

In one group of tests the distance from the end of the canvas tubing to 
the face was varied, and the points where the end of the tube was located 
are designated by Ei, Et and Ea. The corresponding distances from the 
end of the tube to the face are 10, 35 and 60 ft., respectively. 

The volume of air delivered by the blower fan and the volume moving 
in the main air current were determined at points Ai and As respectively. 
In aU tests, natural gas was liberated from a pipe at point Gi, near the 
face of No. 1 right entry. The flow was very similar to that sometimes 
observed when a drill hole taps a pocket of firedamp. 
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Fig. 3 is a plan view showing the arrangement of the tests at the faces 
of the main entry and air course. Fans were placed at two locations, 
Bs and Be and in each place the fan inlet was 8 ft. outby the outer rib line 
of the cut-through. The first tests were with a fan at location ventilat- 
ing the face of the main entry, a condition which is not shown in Fig. 3. 
The fan was then moved to location Be for a few tests, and finally a second 
fan was placed at Bj with tubing arranged to ventilate the face of the 
air course. The air delivered by the fans was measured at restrictions 

Bg, points at whi^ fans were located 
A3 , A4.A5, restrictions at which air was measured 
(73^ points at which gas was liberated 
>■ Direction of flow of main air current 



Fig. 3 . — Arrangbiaent of tests at face of main entrt. 

A3 and Ai in the respective entries. The main ventilating current was 
measured at restriction Aj in the air course. Gas was liberated from 
pipes at (?2 and Oz at the faces of the respective entries as required for the 
different groups of tests. 

Fans Used 

Nearly all of the tests with one fan only were made with a blower fan 
driven by compressed air loaned for this work by the Coppus Engineering 
Co. Use of a motor-driven fan was not considered advisable in the first 
tests, as recirculation might at times produce an explosive gas-air mixture. 
The fan selected for the work had a rated delivery of 2700 cu. ft. per min. 
though 100 ft. of 12-in. pipe. The consumption of compressed air was 
given as 52 cu. ft.- per min. of free air compressed to 75 lb. per sq. in. 
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The quantity of air entering the fan inlet is augmented sKghtly by the 
exhaust of the compressed-air drive, and more air delivered by the fan 
than enters the inlet. Fig. 4 shows this fan set at location Bi (see Fig. 2) 
at the comer of No. 1 right entry. The first part of the test work showed 
that it was possible to control the experiments so that an explosive mix- 
ture would not be produced. Consequentlj’’ it was possible under the 
controlled condition of tests to use an available motor-driven No. 2 
Sirocco fan in the few experiments in which two fans were operated side 
by side. 



Fig. 4. — Fan at cokner op No. 1 right entry, DRmjN by compressed air. 

Control and Measurement op Air and Gas Flow 

The main air current for tihese tests was induced by the mine fan, 
which has a capacity far in excess of the amount required for these 
tests. For accurate control, regulators were placed about 100 ft 
on the downstream side of air-measuring stations As (Fig. 2) and As 
(Fig. 3). These were of the slide-door type and were adjusted to give the 
desired volume immediately before each test. 

Anemometers were judged sufliciently accurate for measuring the air 
movement. It is necessary, however, to have an air velocity of 200 ft. 
per Tpin. or more to obtain good results with an ordinary anemometer, and 
this could be obtained for the present work only by restricting the size 
of the entry at the air-measuring plane. 

At stations Aj and A& (used only to measure the main ventilating 
current) the area was restricted to an opening exactly 2 ft. square. No 
sloped approach or departure surfaces were provided, which of course 
resulted in some turbulence and uneven flow of air through the restriction. 
This was compensated to some extent by dividing the opening into nine 
equal squares and taking an anemometer reading at the center of each 
square. The average of the velocities so obtained was taken as the 
average velocity over the entire area. 
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Much the same procedure was followed at stations Ai, An and ^4 
where the air delivered by the fans was measured. It was feared, how- 
ever, that such a restriction close to a corner might change the normal 
distribution of the air at that corner, consequently the restriction was so 
arranged that it could be opened to an area of 16 sq. ft. after the actual 
measurement was made. Careful tests were made to determine whether 
this change materially increased the volume of air delivered by the 
blower, and the conclusion was that it did not. Theoretically, the resist- 
ance of the fan pipe was 85 to 90 per cent, of the total for the circuit, 
hence a considerable change in the restriction would make little change 
in the total resistance. The characteristics of the fan would also enter 
into the problem, but it appears probable that the change in size of the 
restriction would probably change the volume not over 5 per cent, and 
might change it as little as 2 per cent. 

The natural gas liberated at the faces was allowed to flow directly 
from a pipe. A flow of firedamp from a drill hole in the coal was thus 
simulated. The gas was passed through a meter, and suitable control 
valves were placed in the line. At the beginning of an experiment the 
flow was adjusted to approximate that desired and was subsequently 
unchanged. The average rate of flow for a test was taken as the total 
quantity admitted, divided by the elapsed time. 

Sampling and Analysis op Gas-aib Mixtures 

The presence or absence of recirculation was determined primarily 
by the presence or absence of natural gas at the fan inlet, a logical pro- 
ceeding, as the gas could come only from the face ventilated. Further- 
more, the quantity of gas found at the inlet might be used as a measure 
of recirculation. It follows that the value of the work would be deter- 
mined by the accuracy of sampling and analysis of the mixed gas and air 
entering the fan inlet. All samples were taken by water displacement and 
the natural gas content determined by combustion in an Orsatt apparatus. 
All determinations were made in duplicate and the average considered 
reliable to the nearest 0.1 per cent. 

During most of the tests it was customary to take samples of the air 
passing out through the restriction in the dead end being ventilated and 
of the main return at a point 100 or more feet beyond the place ventilated. 
These and the sample at the fan inlet were taken as rapidly as a man could 
move from one point to the next and were in effect simultaneous samples. 

Tests with One Fan Only 
Gas Concentration in Place Ventilated 

Although determination of the presence or absence of recirculation 
centered at the fan inlet it was also important to ascertain the effect of 
recirculation on the concentration of natural gas in the place ventilated. 
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This matter was investigated in the first group of tests made in No. 1 
right entry. It may appear at first that if the gas was being liberated 
continuously, even though at a small rate of flow, and a part of it was 
returned continuously by recirculation, the gas percentage in the dead 
end should rise steadily and in time an explosive mixture should always 
be obtained. This assumption is not correct, however, when the gas 
and air are being uniformly mixed, for the following reason; Gas is 
removed from the dead end in the return air, and the rate of outflow of 
the gas-air mixture is constant. However, as the percentage of gas in 
this mixture rises the outflow of pure gas from the dead end becomes 
larger and will finally balance the combined inflow from the gas feeder 
and the recirculated gas-air mixture. After this a constant percentage 
of gas should be found in the air in the place ventilated. 

This theory can be developed mathematically, as shown in the Appen- 
dix of this paper. The method is not new, as it w’as used in a study of 
production of carbon monoxide from house heaters.® Other things being 
equal, the actual percentage of gas in the place ventilated will be directly 
affected by recirculation. Suppose a fan is delivering 1000 cu. ft. per 
min. of fresh air with no recirculation and gas is being liberated at the 
rate of 20 cu. ft. per min. If the air and gas are thoroughly mixed, the 
gas content in the air will be 2 per cent. Now if one-half of the air is 
recirculated, the gas content wiU rise to 4 per cent. If three-fourths of 
the air is recirculated the gas content wiU rise to 8 per cent., giving a 
highly explosive mixture. 

The foregoing theory was subjected to experiment to determine its 
validity. Test No. 4 was made with conditions under which strong 
recirculation occurred. The fan was located at position Bt (Fig. 2) and 
delivered 1010 cu. ft. of air per min. to the face of No. 1 right entry. The 
volume in the main air current was also 1010 cu. ft. per min. Gas was 
liberated at the face of No. 1 right at the rate of 10.4 cu. ft. per min. 
With no recirculation and uniform mixing, there should have been 1.0 
per cent, gas in the air leaving No. 1 right entry. Samples of this return 
air were taken at position A i at intervals of 4J4 fir. after 

tfie test was started. The analyses of these samples gave 1.6, 1.5, 1.6 
and 1.7 per cent, natural gas respectively. This would indicate that 
37 per cent, of the air was being recirculated. Tfie gas content was 
essentially constant, as the theory predicted, and apparently less than 
hr. was required to obtain constant conditions in this test. Tfie equation 
developed in the Appendix indicated that essentially constant conditions 
should be obtained in less than hr. and the primary rise in gas percent- 


* G. W. Jones, L. B. B«^er and W. F. Holbrook: Carbon Monoxide Hazards 
from House Heaters Burning Natural Gas. U, S. Bur. Miues Tech.. Paper 337 (1923), 
23 and 24. 
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age should be very rapid. To prove this, another test was made in which 
samples were taken at much closer intervals. 

Test No. 20 was made with the fan located as in test 4 and delivering 
1050 cu. ft. of air per min. The volume in the main air current was only 
940 cu. ft. per min., and recirculation was consequently higher. Natural 
gas was liberated at the rate of 10.0 cu. ft. per min., which would give 0.95 
per cent., in the return from No. 1 right if thoroughly mixed in the absence 
of recirculation. Samples were taken at position Ai at intervals of 3, 6, 
9, 12, 18, 30 and 60 min. after the start of the test. Analyses of these 
samples showed the gas content to be 0.5, 1.0, 1.2, 1.4, 1.6, 1.7 and 1.8 per 
cent., respectively. These figures indicate that approximately one-half 
of the air was recirculating. The gas content reached 1.0 per cent, in 6 
min. and 1.6 per cent, in 18 min., and rose only an additional 0.2 per cent, 
in the next 42 min. The results indicated that no test need be conducted 
more than 30 min. to obtain essentially constant conditions. 

Although the foregoing tests showed that a constant mixture could be 
obtained at one point, it was necessary to determine whether or not varia- 
tions existed at different points in No. 1 right entry. This was done by 
taking samples as rapidly as possible at points in No. 1 right, 15, 30, 45, 
60, 70 and 80 ft. from its mouth. These were all taken midway between 
roof and floor and the last was even with the end of the canvas tubing. 
Analyses of these samples gave gas contents of 1.8, 1.8, 1.8, 1.5, 1.9 and 
2.0 per cent. There was certainly no variation in the first 45 ft. The low 
value at 60 ft. might have been due to a large eddy of fresh air from the 
fan pipe or it might have been an error. As no check test was made, 
the matter remains undecided. The two samples nearest the gas feeder 
show slight increases in gas concentrations. On the whole, however, the 
mixing of the gas and air was more uniform and thorough than would be 
expected. As no important differences in gas concentration were found 
along No. 1 right entry, it remained only to detect such as might exist 
vertically. Simultaneous samples were taken at the roof and center of 
the entry at two different points. The gas content in these samples 
differed only by 0.1 per cent, and it was concluded that no vertical 
stratification existed. 

The foregoing tests were made with the end of the fan tube approxi- 
mately 20 ft. from the face. It was evident that if a considerable distance 
separated the face of the entry and the end of the tube part of the air 
would be diverted to join the return without reaching the point to be 
ventilated. Tests were made to determine roughly the mfl.-!nTrmTn dis- 
tance that could be allowed. The end of the tube was successively 10, 
35, and 60 ft. from the face of No. 1 right entry. Air samples were taken 
at points 15 and 80 ft. from the entry mouth. If uniform miYiTig of gas 
and air was obtained there should have been little difference in gas content 
at the two points. If part of the air was being diverted, the outer point 
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should have shown a lower gas content than the inner. When the end of 
the tube was 10 and 35 ft. from the face the samples taken at the two 
points differed in gas content by 0.1 per cent. WThen the distance was 
increased to 60 ft. the difference in gas content increased to 0.6 per cent. 
It was concluded that the end of the fan tube should be not more than 
35 ft. from the face of the entry. In the subsequent experiments the 
distance varied from 10 to 25 ft., depending on the location of the blower. 

Effect of Fan Position on Recirculation 

To avoid recirculation, the fan inlet must be in fresh air and the quan- 
tity of air entering it must be not greater than the quantity available in 
the main current. These are purely qualitative statements, and the 
present group of experiments was made to determine what proportion of 
the main ventilating current the auxiliary fan could take without causing 
recirculation when the fan was in a number of different positions. The 
first and most extensive set of tests was conducted at Xo. 1 right entry. 

Tests at No. 1 Right Entry 

Referring to Fig. 2, the fan was successively located at points By,, Bz, 
Bz and B^. At each of these locations the fan was operated to deliver 
approximately 1000 cu. ft. of air per min. to the face of No. 1 right. The 
air volume in the main ventilating current was set at approximately 1000 
cu. ft. per min. for the first test at each location. It was then raised in 
increments of 1000 cu. ft. per min. until recirculation was no longer found, 
after which a teat was made with an air volume intermediate between the 
last two in order to determine more closely the actual point at which 
recirculation ceased. 

In all of these tests natural gas was liberated at the face of No. 1 
right entry at the rate of 10 cu. ft. per min. approximately. After each 
test had been in progress hr., air samples were taken at the fan inlet, 
location A i in No. 1 right entry and location A 2 in the main entry. It 
was considered that the ratio of the air volume taken by the fan to that 
in the main ventilating current approaching it was the determining 
factor in recirculation rather than the absolute value of either. All the 
tests in which the fan delivered approximately 1000 cu. ft. per min. were 
in agreement with this conclusion, but in order to test the matter further 
the tests at location Bz were repeated with the fan delivering 2000 cu. 
ft. per min. The conditions and results of the tests are given in Table 1. 

An inspection of the table shows that when the fan took a volume 
equal to the main current, strong recirculation was present irrespective 
of the location of the fan. In test 10, at location By. gas could be detected 
near the roof 75 to 100 ft. on the fresh air side of the fan, showmg that 
the recirculating current was passing back along the roof this distance 
before joining the fresh intake air which was traveling near the floor. 
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Table 1. — Results of Tests with a Single Fan at No. 1 Right Entry 


Test 

No. 


Air Delivered ; 
by Pan, 

Cti. Ft. per 
Min. 


Air in ^lain 
Current, 
Cu. Ft. per 
Min. 


Ratio of Fan 
Delivery to 
Main Current 


I Gas liberated 
i at Face, 

‘ Cu. Ft. per 
Min. 


Analyses of Samples. Per 
Cent. Natural Gas in Air at 


Fan Return ; Main 
Inlet ' of No. 1 Return 
I Right , 


Fan at Location B\ 


10 



1.00 

— 


1.5 

0.9 

12 



0.72 


0.0 

1.3 

0.7 

11 

1020 


0.47 


0.0 

1.1 

0.5 


Fan at Location 5 2 


7 

1030 

1000 

1.03 

9.8 

0.8 

1.7 

0.7 

s 

1030 

1880 

0.55 

10.3 

0.1 

1.3 

0.7 

13 

1020 

2530 

0.40 

9.0 

0.0 

0.9 

0.4 

9 


3020 

0.34 

10.0 

0.0 

1.2 

0.5 

54 

2020 

1960 

1.03 

17.3 

0.6 

.1.3 

i 1.0 

53 


3030 

0.67 

18.8 

; 0.2 

1.0 

i 0.5 

52 

2020 

4040 

0.50 

19.5 

0.1 

1.0 

[ 0.5 

55 


5000 

0.40 

23.0 

1 0.0 

0.9 

1 0.5 


Fan at Location Bz 


14 

980 

1020 

i 0.'96 

9.9 

: 0.8 

1.6 

0.8 

15 

980 

1940 

i 0.50 

9.7 

; 0.1 

1.4 

0.6 

16 i 

i 980 

2470 

1 0.40 

! 10.0 

: 0.0 i 

1.2 

0.6 


Fan at Location B^, 


17 1 


1020 

1 1.03 

; 9.9 

1.2 

; 2.1 

; 1.3 

18 ; 


1990 

0.53 

' 10.0 

0,1 

1.5 

0.7 

19 I 



' 0.43 

; 10.2 

i 

0.0 

1.4 

0.5 


It was evidently not practical to set the fan sufficiently far from No. 1 
right to prevent recirculation of the air under the conditions obtaining 
in this test. In test 11, recirculation was stopped when the volume in 
the main current was doubled and no gas was found at the fan inlet 
when an intermediate amount of air was circulated in the main current 
in test 12. Nevertheless, a higher percentage of gas was found in the 
return from No. 1 right entry in test 12 than should have been present 
had there been no recirculation. Either recirculation existed or there is 
an error in the analysis of the sample. 

At location 3% the fan was operated to deliver approximately 1000 
cu. ft. per min. in one set of tests and 2000 cu. ft. per min. in another. 
In both cases the volume in the main cmrent had to be increased to 2.5 
times the fan delivery before recirculation ceased (tests 13 and 65). 
Exactly the same condition was found at location 3$ (test 16), and moving 
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the fan across the entry to the opposite rib apparently made no change 
in the amount of recirculation. 

At location B 4 , no gas was found at the fan inlet when the main air 
current was 2.5 times that delivered by the fan (test 19). However, the 
gas content of the return from ZSTo. 1 right was considerably higher than 
it should have been without recirculation, and an error of some kind is 
indicated. In any case, location Bi is not a safe one for use in an operat- 
ing mine, especially since mine-car movements would tend to deflect 
the return into the fan inlet. A motor-driven fan would be directly 
in the return air from the face, and the motor would be in position to 
ignite any explosive mixture that might accumulate from any cause in 
the place ventilated. As a fundamental safety precaution, any auxiliary 
fan should be placed on the fresh-air or intake side of a crosscut or side 
opening. Moreover, these tests indicate that when the distance on the 
intake side is 8 ft. the fan should not take more than 4:0 per cent, of the 
air current approaching it. When the distance on the intake side is 16 
ft. the quantity taken can be increased to 50 or 55 per cent., but the tests 
did not determine this point exactty. 

The gas analyses can be checked by computation from the test condi- 
tions. Thus, when constant conditions have been established the 
percentage of gas in the main return should be the rate of gas inflow at 
the face divided by the volume of air in the main return. Also, when 
there is no recirculation the percentage of gas in the return from No. 1 
right entry should equal the rate of gas inflow divided by the air volume 
delivered by the fan. Values thus computed agree satisfactorily with 
the analyses except in tests 12 and 19, where the return from No. 1 
right carried an abnormally high percentage of natural gas. Undetected 
recirculation is suspected. 

Tests at Face of Main Entry 

As noted before, the condition of flow of the main ventilating current 
is not the same for the location at No. 1 right entry and that at the face 
of the main entry. At the former place the main cmrent continues past 
the side opening in a straight line, while at the latter it makes a right- 
angle bend. It was conjectured that the limiting conditions of recircula- 
tion might be different in the two eases, and tests were made to see if such 
a difference existed. 

The fan was placed successively at locations Bi and Bi (see Fig. 3) 
and was used to ventilate the face of the main entry. The arrangement 
for location Bi in the first group of tests does not appear in Mg. 3. At 
both locations the fan inlet was 8 ft. from the outby corner of the cross- 
cut, a distance selected as similar to the distance of locations B 2 and Bi 
from the outer rib corner of No. 1 right entry. The results of the tests 
made are given in Table 2. 
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Table 2. — Results of Tests with a Single Fan at the Face of the Main 

Entry 


Test 

No. 


Air Delivered Air in Main 
by Fan, Current, 

Cu. Ft. per Cu. Ft. per 
Alin, Min. 


Hatio of Fan 
Delivery to 
Main Current 


Analyses of Samples. Per 
Gas Liberated Cent. Natural Gas in Air at 
at Face, 

Cu. Ft. per 
Min. 

i 


Fan 

Inlet 


Return I 
of Dead • 
End I 


Alain 

Return 


41 , 

1000 

1010 

42 : 

1000 

1990 

43 

1000 

2560 

51 , 

2070 

4050 

47 

990 

1460 

45 

1040 

2000 

46 , 

1040 

2010 

44 

1040 

! 2560 


Fan at Location 5® 


0.99 8.7 

0.50 10.5 

0.39 10.3 

0.51 , 17.6 

Fan at Location Bt 

0.68 10.2 

0.52 11.0 

0.52 10.0 

0.41 11.2 


0.8 

: 1.2 

0.7 

0.3 

i 0 . 7 ^* 

, 0 , 3 “ 

0.0 

1.0 

0.6 

; 0.0 

: 0.9 

0.6 




: 0.4 

1.4 i 

i 0,9 

. 0.0 

0 . 7 “ i 

1 0.5 

■ 0.0 j 

1.1 ’ 

^ 0.6 

: 0.0 1 

0.9 1 

1 0.5 


* This analysis evidently in error. 


When the fan was delivering 1000 cu. ft. per min. at location Bs it 
was necessary for the main current to be 2.5 times the fan delivery to 
prevent recirculation (test 43). This is the result obtained at the similar 
location (Bf) outby No. 1 right entry. When the volumes of air in the 
main entry and fan delivery were both doubled there was apparently 
less recirculation. The difference can be noted when tests 42 and 51 
are compared. - Test 42 gave recirculation, whereas test 51 did not. 
The higher straight-line air velocity involving impact effects in the main 
entry might have changed the path of the eddy, currents near the fan, 
but results of this nature were not obtained at No. 1 right entry, and 
further tests should be made before an application of the results of test 
51 is attempted. 

Location Be appeared to be slightly better than Be in preventing 
recirculation; thus in tests 45 and 46 the fan delivered approximately 
1000 cu. ft. per min., and the air volume in the main entry was double 
that amount. No recirculation was found, whereas in test 42 with 
similar conditions at location Be recirculation was present. Confirming 
evidence is offered by tests 47 and 41. The differences should be made 
the subject of further investigation. For practical purposes one rule 
may be drawn covering installations at points Be, Be, Be and Be which 
will have a margin of safety for the last two locations. A fan placed at 
any one of these four points should take not more than 40 per cent, of the 
ventilating current approaching it; or, stated in another manner, the 
main current should be not less than 2.5 times the fan delivery. 
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The gas percentages found in the main return may be checked by 
computation, as in the tests at No. 1 right entry. Values so computed 
are in satisfactory agreement vrith the anah'ses, except for the main- 
return sample of test 42 and the dead end return sample of test 45 in 
which errors of analysis are indicated. 

Reduction of Recirculation by Check Brattices 

The foregoing tests showed that recirculation was due to eddy currents 
which traveled near the roof and swept down to join the intake air at 
some point back of the fan. It was conjectured that these eddies might 
be stopped by check brattices placed either wholly or partly across the 
entry at some point between the fan inlet and the opening into the space 



Fig. 5. — Check bbatticb used in connection with fan at Xo. 1 eight entry. 

ventilated. In an operating mine such a brattice would frequently be 
installed at points on a trolley haulageway and could not be extended 
entirely across the entry. 

In the tests the fan was located at point Rj, close to the east rib of the 
main entry, with the tubing as shown in Fig. 2. The brattice was placed 
immediately inby the fan inlet, and in every case there was a clear space 
of 3 ft. between one edge of the canvas and the rib, such as would be 
necessary for passage of a trolley wire. The effect of changing this space 
from one side to the other of the entry was investigated. The principal 
variable, however, was the vertical length of the brattice. At the point 
where the brattice was erected the entry was 9 ft. 8 in. wide; 6 ft. 4 in. 
high at the sides and 7 ft. 4 in. high at the center. The air delivery by the 
fan was kept closely the same in all tests but three different volumes were 
used in the main current. Fig. 5 shows a brattice extending to the floor, 
with the 3-ft. opening on the same side of the entry as the fan. In order 
to speed up the work as much as possible air samples were taken at the 
fan inlet only, and the effect of the brattice on recirculation was judged 

TOL. 76. — 12 
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from the change in gas content at that point. The tests are divided into 
three groups, depending on the amount of air in the main ventilating 
current, and the results are given in Table 3. 


Table 3. — Results of Tests with Check Brattice 


Test 

No. 

Air Deliv- 
ered by Fan 
Cu. Ft. 
per ^lin. 

Air in Main 
Current, 
Cu. Ft. 
per Min. 

Ratio of 
Fan Deliv- 
ery to Main 
Current 

Gas Liber- 
ated at Face, 
Cu. Ft. 
per Min. 

Clear Space 
below 
Brattice, 
Feet 

Opening at 
East or 
West Rib 

Gas in Air, 
at Fan Inlet, 
Per Cent. 



Group 1. 

Tests witb 

Ratio Approximately 1.0 


7 

1030 

1000 

1.03 1 

9.8 

a 


0.8 

26 

980 

960 

1.02 ! 

10.5 

4 

West 

0.4 

27 

980 

960 

1.02 : 

10.5 

2 

West 

0.5 

28 

9S0 

960 

1.02 

10.5 ' 

0 

West 

0.4 

29 

980 

960 

1.02 

10.5 i 

2 

East 

0.3 

31 

1030 

1000 

1.03 

11.5 ' 

0 

East 

0.2 



Group 2. 

Tests with Ratio Approximately 0.7 


35 

1020 

1500 

0.68 

10.0 

a 


0.4 

34 

1020 

1500 

0.68 

10.0 

4 

East 

; 0.4 

33 

1020 

1500 

0.68 

11.5 : 

2 

East 

j 0.4 

32 

1020 

1500 

0.68 ' 

11.5 

0 

East 

1 0.0 

36 

1020 

1500 

0.68 

10.0 i 

2 

West 

! 



Group 3. 

Tests with Ratio Approximately 0.5 


8 

' 1030 

1880 

; 0.55 ! 

10.3 

a 


1 0.1. 

38 

: 1040 

. 2020 

0.51 : 

10.6 

4 

West 

0.1 

37 

1040 

2020 

1 0.51 1 

10.6 ! 

2 

West 

0.1 

40 

1040 

2020 

: 0.51 

10.6 ! 

t 

2 

East 

0.1 


“ No brattice used in this test. 


The tests of group 1 show that when the fan delivery was closely the 
same as the air volume in the main current there was strong recirculation 
with no brattice present (test 7). None of the brattices used stopped this 
recirculation completely although the amount was reduced greatly. 
Brattices extending to the floor were most effective and the least recircu- 
lation was obtained when the opening was on the opposite side of the 
entry from the fan (test 31). 

In group 2 the original recirculation was but half that of group 1. 
Nevertheless, when the opening was on the same side as the fan it was 
necessary to extend the brattice to the floor before recirculation was 
stopped (test 32). When the opening was on the- opposite side of the 
entry and there was a 2-ft. space between the floor and the bottom of the 
brattice, recirculation was still present (test 36), but the amount was much 
less than in the corresponding test with the opening at the east rib (test 
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33). A bi’attico extending to the floor would apparently he effective, 
irrespective of the location of the opening. 

In group 3 there was only slight recirculation with no brattice present, 
but brattices extending to within 2 ft. of the floor failed to stop it. The 
results of group 2 proved that no recirculation would be found with 
brattices extending to the floor and the tests were nor njade. 

Although the brattices reduced and in some cases stopped the reciscu- 
lation, their value is too small to warrant their regular use. Aloreover, 
there is always danger of their being damaged and having their small 
effectiveness wholly destroyed. 

Tests with Two Fans OPEB.iTixG Side by Side 

When the faces of two parallel entries are ventilated by atuxiliarj" fan.s 
the work may be accomplished in one of two ways. A single fan with a 
branched pipe may be used or two fans may be operated side by side. 
The first arrangement was not tested in the present work, as it does not 
appear that it should 5 ield results essentially different from those obtained 
with a single line of tubing. 

When two fans are operated side by side both must be placed in the 
entry w’hich is acting as intake in so far as the particular location is 
concerned. If this is not done the second fan will operate in the return 
air from the first, a condition that would increase recirculation in the 
second dead end, and is not safe. If both are properly placed the arrange- 
ment is in general like that shown in Fig. 3. Three tests of this arrange- 
ment were made. Air measurements were made at points .4*, A* and A* 
and air samples were taken at these points, the fan inlets, and the middle 
of the last cut-through. The fan inlets were 8 ft. out by the outer rib line 
of the cut-through. Data on the tests are given in Table 4. 

In test 48, each fan was delivering approximately 1000 cu. ft. per min., 
and the combined delivery was closely the same as the volume in the main 
current. Recirculation was present but was much less than was found 
when the delivery of a single blower at location was equal to the main 
air-current volume. Thus in test 41 (Table 2) there was 0.8 per cent, 
gas at the fan inlet, as compared with 0.2 and 0.3 per cent, in test 48. 
In test 49 the absolute deliveries of the fans were slightly higher, but they 
were relatively unchanged. The main air current was increased in vol- 
ume, so that the combined delivery of the two fans was but 70 per cent, 
of it. A trace of recirculation was found. In test SO, the delivery by the 
air-course fan was doubled, that of the entry fan was unchanged, and 
their combined delivery was closely the same proportion of the main 
current as in test 49. No gas was found at the fan inlets and there 
appeared to be no recirculation. 

All three tests indicate that the two fans operating in parallel produced 
less recirculation than a single fan operating under the same relative 
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Table 4. — Results of Tests with Two Fans Operating Side by Side 

Air Measurements 


Test 

Air Delivered by Fan, Cu. Ft. per Min. Air in Main Ratio of Fan Delivery to Main Current 

Current, 

No. 

Entry 

Mr Course 

Uu. Ft. per 

Total 

Entry Air Course 

Total 

48 

990 

1010 

2000 1990 

0.50 

0.51 I 

1.01 

49 

1060 

1040 

2100 2990 

0.35 

0.35 i 

0.70 

50 

1000 

2100 

3100 4450 

0.22 ' 

0.47 ! 

1 

0.69 

Gas Measurements 

Test 

No. 

Gas Liberated at Face, 
Cu. Ft. per Min. 

Analyses of Samples. Per Cent- Natural Gas in Air at 

I Entry 

! 

Air Course” 

Entry ■ Air j g ^ 

Fan Course . 

Inlet Fan Inlet , ^-eturn 

! Air 

{ Course 
! Return 

i 

f i 

' Middle 
' of Cut- 1 
through 

1 

Main 

Return 

48 

11.2 

8.1 

0.3 , 0.2 ; 1.6 

1.2 

1.1 

1.1 

49 

9.0 

10.3 ’ 

0.1 0.1 , 1.0 

0.9 

0.6 i 

i 0.7 

50 

8.4 

9.7 

0.0 0.0 . 0.6 

' 0.5 

i 

1 0.4 

1 

: 0.5 


conditions. The most plausible explanation of this is the fact that the 
incoming fresh air di\ndes and enters a fan inlet on each side of the entry 
instead of being crowded to one side of the entry only, as it was when 
there was but one fan. Possibly a greater degree of recirculation would 
be found if both fans were on the same side of the entry, but proof of this 
must await further experiment. In the meantime, a measure of safety 
can be realized by applying a modification of the rule developed for a 
single fan; namely, that when the inlets of- two fans operating side by 
side are 8 ft. outby the outer rib of the crosscut their combined delivery 
should be not more than 40 per cent, of the volume of the air current in 
which they are located. 

Conclusions 

The foregoing tests are by no means a complete investigation of the 
recirculation problem, but certain conclusions can be drawn from them 
which will promote safety in auxiliary-fan installations until they can be 
confirmed or modified by further experiment. This is without reference 
to dangers from accumulations of gas when the fans are stopped or to 
the potential hazard of gas ignition accompanying electric motors which 
may be used to drive them. 

1. An auxiliary fan should always be installed on the fresh-air side of 
the place to be ventilated, and the fan inlet should be not less than 8 ft. 
from the nearer rib of the place ventilated or of the last cut-through, as 
the case may be, 

2. When so placed the fan should take not more than 40 per cent, of 
the air current in which it is placed. 
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3. If the distance from the fan to the nearer corner be increased to, 
say, 16 ft., the danger of recirculation is decreased. 

4. It is not practical to place a fan so that it may take the entire 
current in which it is placed. 

5. The use of a check brattice to aid in avoiding recirculation is only 
justified in emergency. 

6. When two fans are operating side by side, their inlets should be not 
less than 8 ft.'from the nearer rib of the cut-through, and their combined 
delivery should be not more than 40 per cent, of the air current in which 
they are placed. 

Appexeux 

Mathematical Consideration of Recirculation 
Consider an arrangement such as is illustrated in Fig. 2 and 
assume that the gas and air are uniformh’ mi-iced. Use the fol- 
lowing nomenclature; 

A = decimal fraction of mixed gas and air lea\dng the dead end and 
passing to the main return. 

B = voliune handled by auxiliary fan, cubic feet per minute. 
C — percentage of gas in mixture in dead end at any time. 

Co — percentage of gas in mixture in dead end at instant recirculation 
starts. 

E = rate at which gas is carried out of the dead end, cubic feet 
per minute. 

e = base of Napierian system of logarithms. 

G = rate at which gas is liberated in the dead end, cubic feet per 
minute. 

M = volume of gas in dead end at any time, cubic feet. 

Mo = volume of gas in dead end at start of recirculation, cubic feet. 
N = volume of air in main current, cubic feet per minute. 

P = percentage of gas in main current. 

R = rate at which gas enters inlet of fan, cubic feet per minute. 
S = volume of air taken from main current by fan, cubic feet per 
minute. 

t — time in min utes after start of recirculation. 

V = volume of dead end, cubic feet. 

From the nature of the case the following hold true: 


Fraction of air recirculated = 1 

_ lOOAf 
C 

E--y- 

8 = J5 - (1 - A)B = AB 


p „ (1 - A)BM 
?? 


ABP 

100 


A 
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The value for R is the sum of the gas obtained from recirculation and 
from the main air current. 

The following relation holds true: The rate at which the volume of 
pure gas increases in the dead end is equal to the rate at which gas is 
liberated in the dead end minus the rate at which gas is carried out of 
the dead end plus the rate at which gas enters the fan inlet. This may 
be expressed as a differential equation: 

dil/ — Gdt — Edt “t" Rdt 


This equation may be put in form for integration by substituting 
above values of E and R. Then dM is to be integrated from Mo to M 
and dt is to be integrated from o to t. 



ydM 


ABP _ 

100 V 




Integrating and reducing this equation with the aid of the equations 
CV C V 

M = jQQ and Mo = jqq the final expression becomes 

[i _ 

^ ABt 

L M v’J 


nooG p 
^ “■ [ IB 


Am 

f ~rr 


( 1 ) 


A study of this equation shows that time enters only as an exponent 
of e, and e is present only in the denominator of two fractions. It 
follows that as time increases indefinitely the values of these fractions 
approach zero. The second term of the right-hand side then vanishes, 
the second parenthesis of the first term becomes equal to unity and the 
equation reduces to 


- 100^ 4. P 

~ IB 


( 2 ) 


This is the value that the gas content of the air in the dead end will 
approach under constant conditions and it should be noted that any gas 
present in the air approaching the auxiliary fan adds directly to the 
percentage found in the place ventilated. In the present tests P — 0 
and the equation becomes 


= 100 (? 
AB 


( 3 ) 


By definition A = 1.0 when there is no recirculation. The equation 

then is the simple form C = 100 ^ used in computations in previous 

paragraphs; that is, in the absence of recirculation the gas percentage 
in the place ventilated is the rate at which pure gas is liberated divided 
by the rate of delivery by the fan. More strictly speaking, this should be 
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C' = 100 Q the error caused bj* omitting G from the denominator 

is much less than the error of experiment. As recirculation appears, A 
becomes less than one (equation 3) then C will become larger, hence 
the suspicion that a high value of C may be due to undiscovered recircu- 
lation. If one-half the air is recirculated the value of A becomes 0.50 
and the value of O' is doubled. Similarly if 75 per cent, of the air is 
recirculated A = 0.25 ■which multiplies the value of C by 4. 

On page 172 reference is made to test 20, in which sampleswere taken 
at short intervals during the time that the gas percentage was increasing. 
The recirculation in this test may be determined from equation 3, in 
which G = 10.0, B = 1050, and (7 = 1.8 at the end of 60 min. Then 
A = 0.53 and the recirculation is 1 — A = 0.47 or 47 per cent. Equa- 
tion 1 may then be used to compute the value of C at the short intervals 
(3, 6, 9, 12, 18 and 30 min.) at which samples were taken. For this 
experiment P — 0, Co = 0 and T' = 5540. The values so computed 
are compared with the analyses of the samples collected in Table 5. 

Table 5. — Comjmrison of Values Obtained by Computation and Analysis, 

Test No. 20 


Time, Minutes 


Gas in Air Current 


Computed, Per Cent. Analysed, Per Cent. 


3 

0.5 

6 

0.8 

9 

1.1 

12 

1.3 

18 

1.5 

30 

1.7 


0.5 

1.0 

1.2 

1.4 

1.6 

1.7 


The values obtained by analysis are consistently higher than those 
obtained by computation, but the difference is too small to have any 
significance. In only one case (at 6 min.) does the difference reach 0.2 
per cent. The agreement is better than would be expected in such large- 
scale experiments. 


DISCUSSION 

H. I. Smith, Washington, D. C. (written discussion). — I am sure that these 
timely tests by the Bureau of Mines and the Bureau's promptness in publishing the 
results is greatly appreciated by those using or contemplating the use of auxiliary 
fans in coal mines. Industry cannot wait for delayed publications and if the results 
of tests by Government and research agencies are delayed or not made available, 
industry must forge ahead and learn its lessons by experience or by private research 
even though lives and property may be sacrificed in the experience. The number 
of lives that may be saved as a result of these tests in the experimental mine and the 
prompt publication of the data can never be estimated. 
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I am particTiiarly interested in the results of these tests in view of the statement 
on page 260 of the 1927 Transactions of the National Safety Council; '‘If the fan is 
properly spaced the risk of recirculation does not exist/’ 

In the introduction the authors refer to the rapid increase in the use of blower 
fans. I have not found this tendency on public and Indian lands under depart- 
mental lease, and I hope some one may give some information as to whether this 
increase is a general resort to blower fans in lieu of brattices or if the increase is due 
to a large number of such fans in a relatively smaU number of mines, or if their use 
is confined to particular coal fields, and I can hardly fully agree with the authors 
that the rate at wliich gas is given off is generally bound to increase in proportion 
to the speed or advancement into the new territory. I concede that other things 
being equal more methane per minute will come from entries being driven 20 ft. a 
day than one being driven 10 ft., and that greater provision must be made to handle 
gas at the face of the entry 300 ft. ahead of the last breakthrough than an entry 
with break-throughs at intervals of 65 ft., but the amount of gas per ton of coal will 
be less for the rapid entry work or in the case of concentrated work following develop- 
ment, with the result that the total amount of gas from any mine using concentrated 
mining methods will be less than where the mining is scattered. Moreover, the air 
can be concentrated as well as the mining operations and the gas hazard should be 
reduced with care, but greater care will be required in handling the ventilation to 
assure that there will not be interruptions or too rapid movement of accumulations ‘ 
of methane. 

The authors have apologized for the analyses of samples taken. I do not believe 
that apologies are necessary and I am rather inclined to believe that the analyses are 
correct, for it Is not expected that methane wiU always be thoroughly diffused within 
such short distances from the place of its exudation. The sample represents but a 
very small portion of the section and the tailing out of gas could easily cause a variation 
in the amount of methane that is obtained in the vacuum tube. Methane and air 
diffuse rather slowly in mines. At one place it is stated that the tube should be not 
less than 35 ft. from the face under the conditions of the test. This distance from the 
face would vary with each change in volume and velocity of the air coming out of the 
tubing. 

In reading the report in Table 1, it shows the fan developing about 1000 cu. ft. 
in certain tests and about 2000 in other tests, but the velocity at the end of the tubing 
when the tests were made is not definitely given. In fact, the velocity at the end of the 
tubing should be one of the factors affecting the rate of diffusion, and it would have 
made the report more easily interpreted had the velocity at the end of the tubing been 
given for each set of conditions. In connection with the rate of diffusion, it may be 
possible on another occasion to liberate a colored gas, smoke or fumes so that the 
path of the recirculating gases can be better observed. One of the po nts that 
impressed me is that given in test No. 4 with the blower fan located at B-2,i8 ft. out 
by the line of the rib of No. 1 entry and with a blower fan delivering 1010 cu. ft. of 
air per min. — ^the same amount of air as that passing in the main air current. There 
was a circulation of 37 per cent, and with a normal flow of gas equivalent to 1 per cent, 
due to recirculation the air passing through the fan was increased to 1.06 per cent. 
Now suppose that the fire boss, in making his rounds, had found that a large body of 
gas had accumulated at the face of one of these entries, one could readily realize that a 
very dangerous condition would exist unless the volume of air passing the blower fan 
was sufficient to prevent any recirculation. Gas wiU travel in a body long distances 
before it will diffuse and if the fire boss is overzealous in speeding up the clearing of 
the face from gas, the gas may be moved in a body to another blower or some other 
nonpermissible electrical equipment. Similarly, should the power be off for a few 
minutes an accumulation may take place during the shift If one-half of the air is 
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recirculated the amount of gas is doubled, while if 75 per cent, of the air is recirculated 
the percentage is four times normal flow of gas. 

I wish that the authors in preparing this article for publication would include a 
curve showing this feature, as a curve of this nature would be a very impressive picture 
for the use of fire bosses, mine foremen, and others having blower fans in their mines. 

While the conditions of the tests are given, I believe more emphasis should be 
given to conditions to which the tests may not apply, such as pitching beds, thin and 
thick beds, width of room, and obstructions by cars, timber and gob. 

G. S. Rice, Washington, D. G. — This problem has been coming up more and more 
acutely with the increased mechanization in mines, and we interrupted some of our 
other testing at experimental mines to make these tests. You will notice they are 
called “some tests, ’’ and as Mr. Green wald indicated, wc feel it is a problem that is by 
no means finished. There are many other conditions of tests which give different 
results. 

It was agreed that the authors would not discuss fully the dangers of the au.xiliary 
fans. One danger was mentioned by Mr. Smith last year;^ that is. the serious danger 
arising in the use of auxiliary fans in gassy mines. Generally these auxiliary fans are 
not operated except on the shift when the men are at work in the rooms or entry and 
where there is a gas feeder at the face there may be a dangerous accumulation of gas in 
the interval of S or 16 hr. Thus the fan may have to move a large body of gas through 
working places when the working shift comes on duty. 

The authors showed that conditions would be very different if there -was a car at 
the face which would interrupt and prevent the stream of air discharged by the tubing, 
which without obstruction would strike the face for distances up to 40 or 50 ft. 
beyond the end of the tubing. Also, in a commercial mine we would have the situa- 
tion of baffling the current by miners at work. Such obstructions to the air movement 
must be considered in using the data obtained. 

Let us assume that the blower is giving off by undercutting the machine striking it. 
It may not have the chance of diffusion in the current. In that way you may get a 
body of gas to face approaching the explosive point. 

There should be some discussion those who have used these fans, to help us in 
the future. 

H. P. Greenwald, — There is one more point which it is well to keep in mind. 
Note Fig. 2, and assume that a car is present which will obstruct the end of the tube 
and prevent the thorough mixing of the gas and air. There will be a higher percentage 
of gas near the face, but the percentage recirculation at the fan will not be changed. 
The fan itself is in the air current and the eddy currents caused by it and its general 
operation determine how the air will divide at the opening into the dead end. Recir- 
culation is not determined at the face, but at the fan. Questions concerning the face 
are safety questions, not recirculation, and I purposely refrained from discussing 
safety questions. 

R. D. Hall, New York, N. Y. — This paper meets an important need of the coal 
industry, yet we still desire to leam just how far a recirculating current will go back 
along a roadway under certain definite conditions. Perhaps the industry will take 
too much encouragement from the results the authors have set forth. The engineer 
may say, “The Bureau of Mines showed that there was no gas when the fan wms 
set back 8 ft. from the side airway provided only 40 per cent, of the air was taken, 
consequently I will put the fan back only 8 ft.” It would seem better to put the fan 
back 16 or even 25 ft. so as to have a factor of safety against the return of gas to the 
fan. 


*H. L Smith: Op, cti. 
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One should point out that in most of these experiments an unusually large per- 
centage of the main air current is taken by the fan. In many mines there will be 75 
men in a split, each requiring perhaps 200 cu. ft. per min. Thus there would be 
15,000 cu. ft. of air passing. If, of this, the fan was taking 1000 cu. ft. per min. it 
would be using only one-fifteenth of the air in the main current, or about 7 per cent, 
insteail of 40 or 50 per cent. — a small proportion indeed. 

There are mines where there is not much air in the split, but I would not think 
that to be true of Pennsylvania, for instance. Of course, it is well to show the auxiliary 
fan in its worst light but when we do so we should remember that we are so doing. 

G. vS. Rice. — Necessarily, when you are making a scientific study you have to 
consider extremes and not averages. I hope that there would always be as much 
air current in coal mines as Mr. Hall says there is, traversing the last crosscuts, but it 
has been my experience and observation that such is the average case. We know 
many instances where the auxiliary fans have been used in rooms turned off entries 
ahead of the normal air current. 

R. D. Hall. — If the place to be ventilated by the auxiliary fan drew air from the 
last part of the split that might be true, but in a gassy mine there would be gas there 
and it would not be safe to run the fan in such an atmosphere. We should not have 
to consider such a case, for it is ruled out for entirely different reasons. In a gassy 
mine the fan should run in intake air which is free of gas. 

G. S. Rice. — We accepted the facts as determined by the tests described in the 
paper. The results are a little more favorable than any of us anticipated, but the 
paper does not take into account the many difficult conditions found in practice. 

E, McAuliffe, Omaha, Nebr. — We use booster fans, but have not attempted to 
put them in gassy mines, and I doubt the wisdom of doing so. The Bureau's studies 
represent, in my opinion, a distinct contribution to mine ventilation, inasmuch as it 
has been said that the work of mechanization is traveling, in some districts at least, 
with considerable rapidity. We did not know just how best to install our booster 
fans when we started with them. Perhaps we installed some of them wrongly. We 
changed, however, upon the suggestions of the Bureau, and I am inclined to believe 
that where any material amount of methane is given off, there is a distinct danger 
in using the blower fans. This is particularly true if the fans are used in series; that 
is to say, three or four fans in one entry. We do not get 15,000 cu. ft. of air in every 
entry in many mines. 

There are two or three other practical points I would like to develop; one is the 
careless way in which fans are installed and the tubing maintained. For example, 
when we planned to put ours in the entry, back some distance from the working 
place, no provisions were made in the beginning to carry the tube around the 90° 
angle, and as a result it was collapsed and choked, giving us the maximum interference 
and friction. 

We also had difficulty in getting our men to extend the tube to the face as the work 
advanced. I refer now to men working with the shaker conveyors and the “Duck- 
bill." They objected to the stream of cold air pouring on their backs, and so they 
would intentionally fail to extend the tube, so much so that we had to resort to 
disciplinary measures Those are practical features that deserve consideration, and 
they are important. 

J. A. Garcia. Chicago, 111. — I do not believe in the use of booster fans for ordinary 
practice, but have found in the last year or so that there are certain conditions which 
practically compel their use in gaseous works. Machines have been developed in this 
country in the last two years that will drive 30 ft. of entry per shift. Operated on a 
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two-shifl basis this meaus 60 ft. a day and that is actually being done today. Under 
the law we would be compelled to put in a crosscut every day which is a ridiculous 
and an mipracticable thing to do. A line brattice is sort of a niakesliift and you 
cannot get the right amoiuit of air to the face with a long-Kne l^rattice, so we are com- 
pelled under these conditions to use the booster fan, especially in gaseous workings. It 
would not be possible to design any code that would absolutely prohibit their use 
unless we could also provide an alternative. 

J. J. Rutledge, Baltimore, Md. — Do you use the blower in any other way than 
as a blower? In some parts of the country the blower is used as an exhaust, of course 
using the noncollapsible tube. 

H. P. Greexwald. — ^We did not make any experiments with suction fans. The 
tube was 12-in. dia. An anemometer at the end of the tube would indicate a velocity^ 
of about 1400 ft. per min. If you deUver 2000 cu. ft. per min. the velocity is doubled. 

J. Keely, Kayford, W. Va. — It seems to me that the question as to the amount of 
air in the entry should be decided one way or the other. Why would not there be 
15,000 cu. ft. in the entry if there is 30,000 or 40,000 cu. ft. in the split? It would 
seem reasonable to expect 30,000 or 40,000 cu. ft. in the entry. 

A. C. Callex, Urbana, 111. — How was the air measured at the restrictions, and 
do you tliink the restrictions had any influence on the character of the recirculation? 
What I mean particular^", is this: when the air comes down in the return it is shooting 
through the orifice at a fairly high velocity. Is it impinging against the opposite 
rib and perhaps entering the fan? 

H. P. Geeenwald. — During air measurement the area was 16 sq. ft. During 
tests the area was larger and no velocity effects could be detected. Observation of 
the recirculating current showed that it traveled near the roof against the main 
current which was concentrated in the lower part of the entry. We traced this 
recirculating current 100 ft. back of the fan but I do not believe that its outer end 
could be determined exactly. Any obstruction, such as the body of a man taking 
samples, would alter the direction of the recirculating current and so change the 
point where it joined the main air current. 

(Written discussion). — Mr. Hall desires to know just how far a recirculating 
current will go back along a roadway. W'e found it difficult, if not impossible, to 
make such a determination, which is fundamentally a determination of the extent 
of eddy currents in the main ventilating stream. Any obstruction introduced in 
the stream changes the course of these eddy currents and consequently their extent, 
ind this applies to the body of the man who is attempting to investigate them. 
However, when the auxiliary fan was taking the entire air current it was evident 
that the recirculating current along the roof was passing at least 100 ft. to the rear 
of the fan. 

Replying in more detail to the question by J. J. Rutledge: We did not make any 
experiments with the fan used in any way other than as a blower. The use of exhaust 
fans requires rigid tubing and we were not provided with this. We did make one 
experiment not reported in the paper, merely to satisfy our personal curiosity. In 
this experiment the fan was placed near the face and the mouth of the tubing was 
in the main air current. With this arrangement an expbsive gas-air mixture was 
obtained at the face in a short time under conditions that would not have produced 
3uch a mixture with the fan in its normal position. This arrangement was evidently 
dangerous and not to be used. 

The curve mentioned by Mr. Smith was prepared after the paper bad been printed. 
It is reproduced as Fig. 6. This curve illustrates the increase in gas content caused 
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by recirculation in a place ventilated. It shows that an explosive mixture can be 
obtained under conditions which depend on the quantity of recirculation and the 
percentage of gas present if recirculation is absent. 

Mr. Smith dwells more on application of the results than on the experiments by 
which the results were obtained. It is difficult, if not impossible, to list the conditions 



Fig, 6. — Relation of gas content to KBcmcirLATioN. 

to which the results of these tests are applicable. Large-scale experimental work 
can never cover all the variations met in industry and should aim to investigate only 
those common to a majority of cases. Allow’ances for variations must be made by 
the person applying the results and it 'is at this point that the utmost powers of good 
judgment are required. 


The Classification of Coal 

By Claren^cb A. Sbyler,* Swansea, Wales 

(New York Meeting, February, 1928) 

The object of all classification is to group together things which are 
alike, an<i separate those which are unlike. This object is essentially a 
practical one, enabling us to apply past experience to new conditions. 
Many costly large-scale experiments lose half their importance for want 
of proper description of the coal used, and the consequent impossibility of 
predicting that other coals will behave in the same way. 

I do not, therefore, make a fundamental distinction between ’■'* scien- 
tific” and ‘^use” classifications, except in so far as use depends on condi- 
tions, such as size or impurities which are not related to the nature of 
the coal substance itself. 

The characters chosen to define the classes of coal must be such as 
are accompanied by as many other properties as possible. It is not to be 
expected that any system of classification will enable us to predict every 
property of coal, since all specimens have an individuality of their own. 
But specimens can be grouped by a number of resemblances into species. 
Further, species which resemble each other can be grouped into genera. 

Elementary Composition as a Basis op Classification 

There can be little doubt that the ultimate or elementary composition 
of ^'pure coal” is the best basis of classification. It was soon after the 
perfection of the method of elementary analysis of organic substances by 
Liebig that Regnault, the distinguished chemist and physicist, laid down 
the principle that coals of the same kind vary only between narrow limits 
of elementary composition. This is still the widest generalization that 
can be made about coal. Upon it the metallurgist Gruner based 
his classification. 

In some quarters the value of the ultimate composition was denied, 
Stein going so far as to say that it teaches us nothing of importance about 
coal. One stiU hears statements that it is like crushing a work of art in 
a mortar and analyzing the powder, or like counting the number of times 
a given letter occurs in a sentence. Such comparisons are misleading, 
and the criticism might be applied to organic chemistry as a whole. Nor 
is the existence of isomerism, or of entirely different substances which 
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approach coal in composition, but have not the geological or physical 
characters of coal, germane to the question. In coal we have a series of 
natural bodies derived from vegetable matter which has undergone a 
progressive change known as change of “rank,” accompanied by 
accumulation of carbon and loss of oxygen and hydrogen, and these 
variations of composition are correlated with the accompanying change 
of properties. 

In 1900,^ by plotting reliable analyses on a rectangular carbon- 
hydrogen graph, I verified Regnault’s thesis for European coals and 
based a classification on it. Such a classification depends on the estab- 
lishment of a correlation between the composition of coal and its prop- 
erties. The chief of these are (1) the calorific value, (2) the length 
and nature of the flame, and (3) the caking properties. Of these, the 
calorific value has only become reliable since the adoption of the bomb 
calorimeter. The length and character of the flame has long been given 
a roughly quantitative expression by the determination of the “volatile 
matter” (exclusive of moisture), but has only recently been standardized. 
The measurement of the “caking properties” has not even yet been satis- 
factorily accomplished. 

Geaphic Methods op Investigjition 

The graphic investigation of the composition and properties of coal 
showed in 1900 that we require at least two independent variables to 
define the position of a coal in the natural series. This accounts for the 
failure of the earlier attempts at classification based on the volatile matter 
only. It also showed that any single ratio, such as that of hydrogen to 
carbon, is unsatisfactory as a basis of classification. Coals differing as 
cannel and lignite may have the same volatile matter, and cannel and 
anthracite may have the same calorific value. On the other hand, a 
classification like that of Parr* on both volatile matter and calorific power 
win assign a coal to a definite place. 

The reason for this, as shown very clearly by Ralston® in 1915, does 
not appear to be w'eU known in Europe, nor, indeed, as well as it deserves, 
m America. Ralston, using what is practically the same graphic method 
employed by me in 1900, has established for American coals a very fair 
quantitative correlation between the elementary composition and two of 
the chief properties of coal on which we have to rely for classification; 
viz., the calorific value and volatile matter. 

The relation between elementary composition and calorific value 
follows from Dulong’s formula. When expressed graphically on the 

‘ C. A. Seyler: The Chenaeal Classification of Coal. Proc. South Wales Inst. 
Engrs., reprinted in Fud in Science and Practice (1924) 3, 15. 

• S. W. Parr: The Classification of Coal. Jnl. Ind. & Eng. Chem. (1922) 14, 919. 

* O. C. Ralston; Graphic Studies of Ultimate Analysis of Coal, U. S. Bur. Mines 
Tech. Paper 93 (1915). 
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carbon-hydrogen diagram the lines of equal calorific value, “isocals,” 
form parallel straight linos, inclined to the axes. Dulong's formula is 
onlj' approximate, but Ralston showed that if the experimental values 
are plotted as “isocals” they still form inclined parallel straight lines, 
though rather differently spaced. 

The further correlation of volatile matter with elementary composi- 
tion, and particularly with the hydrogen, was made by me in 1900, and 
served as one of the bases of my classification. In 1907, 1 suggested that 
for British coals not too widely different in oxj'gen the relation took the 
form H = a + b • log F, when H is the percentage of hydrogen and 
that of volatile matter in the pure coal, and a and 6 are constants. 

The “isovols,” or lines of equal volatile matter in this formula, would 
be straight lines parallel to each other and to the carbon axis. The same 
conclusions may be drawn from the results of Fieldner and Selvig'* who in 
1918 established curves connecting the hydrogen and volatile matter of 
American coals. They found, however, that the curves differed for coals 
of different calorific value, in such a way that the isovols would be 
straight lines successively nearer the carbon axis as the calorific value 
decreased or oxygen increased. 

The discontinuity thus implied is improbable, and Ralston had 
already drawn the isovols as continuous lines sloping in the opposite 
direction to the isocals. Ralston says that the lines are not parallel or 
even straight, but I believe that parallel straight lines represent the rela- 
tion within the rather wide limits of variation for which it holds good, and 
they are so presented in Fig. 1. The isovols slope in the opposite direc- 
tion to that of the isocals and therefore intersect the latter at a definite 
carbon and hydrogen, as Ralston noted. This is a fact of great practical 
importance since, as will be seen from Fig. 1, it is possible to infer the 
carbon and hydrogen from a knowledge of the calorific value and volatile 
matter, or conversely one can deduce the calorific value and volatile 
matter when the ultimate composition is known. The isocals or isovols, 
considered separately, cut through widely different classes of coal, but 
their intersection on the diagram is a unique point characteristic of one 
kind of coal alone. Hence, if they can be drawn accurately, any system 
of classification based, like my own, on elementary composition can at 
once be translated into terms of a classification based, like Parr's, on 
calorific power and volatile matter. 

Herein lies the possibility of a unified classification which shall be 
acceptable to those who use either classification. It is unfortunately 
impossible to compare the limits of my classes of coal directly with those 
of Parr by means of Ralston’s results, because we aU use different bases 

* A. C. Fieldner and W. A. Selvig; Use of the Hydrogen-volatile-matter Ratio 
in Obtaining the Net Heating Value of American Coals. U. S. Bur. Mines Tech. 
Paper 197 (1918), 5. 




Fig. 1.— Chabt of Sbtibb’s and Parr’s classifications of coal. 
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on which to calculate “pure coal." I think, howe%'or, that it will be found 
(hat the limits between Parr's classes will not differ much from those 
which I drew in 1900. 


XoMEXCLATCKE 

The question of nomenclature requires careful consideration, but I 
do not think there are insuperable difficulties in the way of unification. 
We agree on the terms anthracite and semibituminous coals, though the 
limits can be drawn only after thorough investigation. Between the 
two is a class which is known in Britain as “ dry steam coals” and appar- 
ently in America as semianthracitie coals. I call them ‘•carbonaceous’' 
coals because they are the class which, next to anthracite, contains the 
most carbon. Parr’s “eastern bituminous” class appears to correspond 
to what I call bituminous coals, divided into three groups, metabitumi- 
nous, orthobituminous and parabituminous, representing approximately 
low, medium and high volatile coals, suitable for coking. His “western 
bituminous” coals correspond to what I call ••metalignitous” coals. 
Obviously, the terms eastern and western bituminous are unsuitable for 
universal use, and if my terms are not acceptable others will have to be 
found. The chief difficulty in nomenclature occurs with w'hat I call 
ortholignitous coals, so caEed because they are the true coals which 
approach most nearly in properties to lignite. 

It is unfortunate that in America these coals, which used to be called 
“black lignites,” have recently been called subbituminous coals. I had 
previously used this term for coals which were below the bituminous 
ones in respect to hydrogen (subhydrous coals), while those above them in 
hydrogen (such as the cannels) I called perbituminous. In American 
usage the term subbituminous suggests coals below the bituminous in 
respect to carbon. This leaves the coals below and above the typical 
“coal band” of Ralston in respect to hydrogen, which have very distinc- 
tive properties, without correlative names such as I gave them, “sub- 
bituminous” and “perbituminous.” Some way out of this confusion 
should be sought. One way would be to call all my subbituminous coals 
semibituminous, and distinguish them as semimetabituminous, semi- 
orthobituminous and semiparabituminous. If the American usage of 
the term subbituminous is regarded as too well established as the equiva- 
lent of my ortholignitous class, then it would be necessary to devise some 
new term instead of metalignitous to describe those coals which form a 
transition between the bituminous and subbituminous classes. Such a 
term as “transbituminous” may be suggested. 

"When we reach the Ugnites there is again agreement between our 
nomenclatures, and I do not think my dividing line of 75 per cent, of 
carbon between true coals and lignites will be far from the mark. It 
should be noted however that the Germans use the term “lignit” in a 

TOL. 76. — 13 
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different way from the rest of the world. They apply it only to the lowest 
rank of “Braunkohle.” What they call Braunkohle we call lignite, 
though here again there is confusion, since there are certain kinds of 
Braunkohle (usually distinguished as Glanz-kohle, Pech-kohle, or 
Glanz-Pechkohle) which we w'ould consider to be true coals (Stein- 
kohlen) although not of Paleozoic age. 

It is clear, I think, that there is in the main a general agreement 
between British and American ideas as to the groups into which coals 
should be classified. It may be said that, since we have a series of 
natural objects which vary continuously, it is impossible to draw any 
but arbitrary lines of division. This is true of many scientific classifica- 
tions, but there is no reason why, because there is a gradual transition 
from one kind to another, the chief classes should not be distinguished 
and named. . 


Delimitation op Classes of Coal 

The drawing of the limits, however, will have to be to some extent a 
matter of convention, and will require close study of other properties of 
coal in addition to the calorific value and volatile matter, especially the 
caking properties. I do not regard any of the proposed methods of 
measuring these properties as satisfactory, neither the Campredon nor 
its modifications, nor the Meurice tests. They are all empirical and not 
based on any real understanding of the properties which condition the 
coking of coal. Of these properties that of softening or transient fusion 
(as Audibert calls it) is the most important, though many other considera- 
tions such as rate of heating, and size of pieces, enter into the question 
of coking, as Bose has pointed out. Strange to say, there is little 
exact knowledge of the behavior of coal when heated. Experiments 
on the lines of Dr. White and Miss Stadinchenko with the micro- 
furnace seem to me in the right direction. There is also the work 
of Durand, Charpy and Audibert, which I am applsdng to British coals. 
It is too early yet to give any details but it appears already that there is 
a close relation between the composition of coals and their thermal behav- 
ior, which will be capable of expression by continuous lines on the carbon- 
hydrogen diagram in such a way as to help in drawing the limits between 
the classes. Such at least is my hope. Until more is known of the cak- 
ing properties of coal it may be premature to draw the dividing lines in a 
classification in any but a provisional way. 

Microscopic Characters op Coal 

I must also express the conviction that no system of classification can 
neglect the microscopic character of the coals. It may be necessary to 
restrict the chemical comparison of coals to those of similar microscopic 
character. We do not at present know sufi&cient to dogmatize on the 
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subject, but there is certainly a correlation between the microstructure 
of coal and its chemical and thermal properties which I am now investigat- 
ing b3' the aid of the metallographic method. Hence the thorny ques- 
tion of the nomenclature of the physical and microscopic characters of 
coal requires full and impartial discussion, and I hope it will be possible 
to reconcile the British and American ideas on this subject. 

COEEECTION’ OP ANALYTICAL RESULTS TO A “PuEE Co.VL” BaSIS 

There is a pre\'ious question relating to all chemical classification 
which calls for immediate discussion. That is the method of expressing 
the results on a “pure coal” basis. There can be no comparison of 
chemical classifications as long as some chemists express their results on 
the dry ash-free coal, and others eliminate also the sulfur, or the nitrogen, 
or both. In Ralston's graphs,- for instance, both sulfur {uneorreeted ) 
and nitrogen are eliminated. IMy own classification is based on the 
elimination of ash and sulfur, but not nitrogen. Parr's classification is 
based on his “unit coal” in which mineral matter (corrected ash) and 
sulfur calculated to pjTites, have been eliminated, but not nitrogen. 
Since nitrogen is an essential part of the coal I can see no theoretical 
advantage in its elimination, and some practical disadvantages, since 
the available data do not always include its determination. On the 
other hand, it is essential that pyxitic sulfur should be eliminated. 
Since, however, the relative proportions of organic and pyritic sulfur are 
rarely available, I suggest that Parr’s unit coal basis should be adopted 
as a convention. This should not prevent those who have complete data 
from correcting their results in the fullest possible way, but where such 
data are not available a convention like Parr’s, if not wholly satisfactory, 
is much better than no correction. Failure to eliminate the sulfur is 
responsible for repeated conclusions that there is no relation between 
composition and properties. 

Possibly some modification of Parr’s formula may be required, 
such as a deduction of an average estimated figure for organic sulfur and 
the treatment of the rest as pyrites. In any case the heat value of the 
sulfur as pyrites must be deducted from the calorific values. Moreover, 
a deduction for loss of pyritic sulfur should be made from the volatile 
matter, and should be experimentally investigated. The hydrate water 
due to mineral matter must also be deducted from the volatile matter. 
These corrections, though often small, may reach important magnitudes, 
especially in anthracitic coals where the volatile matter is low and small 
differences important. Further, the hydrogen equivalent to the water 
existing as hydrated mineral matter must be deducted from the organic 
hydrogen, a point which Parr seems to have overlooked. The value to 
be taken for the hydrate water in the mineral matter requires further 
investigation, but for immediate use Parr’s formula (modified if necessary) 
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is suggested. In the practical application of any classification we cannot 
limit ourselves to coals of the highest purity, and therefore provision for 
corrections must be made. 

Immediate Problems of Cl.4.ssific.ation 

To conclude this imperfect survey the first task should be agreement 
on the mode of expressing the results as pure coal. Following this the 
results, recalculated on this agreed basis, should be plotted on the carbon- 
hydrogen chart, and the isocals and isovols redrawn both for American 
and other coals, where thoroughly reliable data (and these alone) are 
available. When this has been done the thermal behavior, caking 
properties, etc., should be plotted as far as is possible. It will then be 
found, I think, that coals will fall into groups, definable by the composi- 
tion, which vrill correspond fairly with commercial and technical usage. 
Grouping by fundamental properties is, however, far preferable to any 
attempt to classify by use, since use depends on these properties, and use 
classifications are liable to overlap, as is the case, for instance, with coke 
and gas coals. 

Finally, the modifications necessitated by microscopic investigation of 
individual bands in the coal should be discussed and the question of 
nomenclature then considered. I am convinced that a standard classifii- 
cation must be based on really definite chemical data such as the ultimate 
composition and calorific value. The determination of the “volatile 
matter” is a conventional assay depending on complex and iU-defined 
changes. It can be used in conjunction with the calorific value, as shown 
above, to place coals approximately in position on a standard classifica- 
tion. Such approximation is only rough and insufficient for scientific 
purposes, and it is surely time that all industrial processes should be 
conducted on scientific lines. 


DISCUSSION 

A. C. FiEiiONBR, Washington, D. C. — Mr, Seyler has presented the arguments 
for the scientific classification of coal on the basis of ultimate analysis in a convincing 
manner. Even though we should not agree on the system of nomenclature, we must 
agree upon the scientific facts presented which are in entire agreement with those of 
Ralston of the Bureau of Mines. Both Seyler and Ralston published their fitrst papers 
on the classification of coal by ultimate analysis before the industry was ready for 
such clasEdfication. Seyler’s first paper was published in 1900. Ralston’s technical 
paper was published in 1915. In this paper he predicted that the tiUinear diagram 
showing the relative proportions of carbon, hydrogen and oxygen in coals would be 
used by those interested in the coking properties, the gas-making properties, combus- 
tion and other methods for utilizing coal. Mr. Rose has given evidence that this 
diagram is very useful in predicting coking properties of coal. I am, therefore, inclined 
to agree with Mr. Seyler that there is no fimdamental distinction between nn i Anfifin 
and use classification except in so far as use depends upon conditions such as size or 
impurities which are not related to the nature of the coal substance itself. 
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The fact that Sevier and Ralston are in agreement with respect to drawing “ isovol 
and *4socal'^ lines on the ternary diagram simplifies the work of the Technical Com- 
mittee on Scientific Classification of Coal. The pint ting of analyses of American coals 
with respect to ultimate analyses and with respect to the ^‘isovol” and '‘isocar' lines 
will permit direct comparison ])ct\veen Parrs method of classification of coal and the 
diagram of Ralston's method. One of the immediate pn»}>iems i>efore the Committee 
on Classification, as jTointed out by Sevier, is the question of correcting analytical 
results to a pure coal basis. I am not sure, in my owm mind, whetiier correction of the 
ash for change in weight due to sulfur, carbonates, water hydration, etc., is necessary 
for classification. Tideswell and Wlieeler also discuss the various corrections and are 
in substantial agreement with Seyler that these corrections should I >e made although 
they recognize the fact that the corrections are tlienisolves only approximations. 
They suggest another method of avoiding the influence of errors due to inorganic 
matter. This method consists of su])jectmg the coal to a fioat-and-sink test eliminat- 
ing all but the intrinsic ash. Usually the intrinsic ash is small in amount, not exceed- 
ing 3 to 6 per cent. With this amount, the anaMical results do not require special 
corrections. Our Committee will necessarily thr ♦roughly invcfetigate this subject of 
correcting analj’tical results. The suggestions made by .'^eyler. and by Tideswell and 
Wheeler^ are extremely valua})l<^ 


G- H. Ashley, Harrisburg, Pa. — A question that comes up in regard to pure coal is, 
shall we attempt to say w'hat is pure coal until w'e know more about the condition of 
water in the coal? In a paperi on the condition of w’ater in serpentine, P. G. Nutting 
points out that the water exists in three distinct forms — ^what may be called the 
adsorbed water, the monohydric condition and the dihydric condition, the water 
under something like 368® being adsorbed water, the water between 368® and 620® 
being in the form of dihydric water, and the w'ater betw’een that and complete dehydra- 
tion, about 900®, being in the form of monohydric water. 

My studies of the general problem have convinced me that we simply do not know 
the actual condition of water in coal any more than we know the actual condition of 
water in cellulose, and until we do, it seems to me we are talking with one very impor- 
tant element left out — if we are talking about pure coal and take no account of the 
condition of the water which may be in one or two or three different conditions in 
the coal. 

R, Thibssen, Pittsburgh, Pa. — There is one question to which I would like to call 
attention and that is in regard to what the Germans at present call lignite, or “lignit.” 
In the last year or so I have been in quite close contact with the German coal investiga- 
tors. There is a group of young men who are working quite extensively on the various 
phases of their coal problems and on the classification of coal as well. 

What they call “lignit ” corresponds exactly to the ingredients or constituents that 
I call anthraxylon. lignite to them only means woody inclusions in any coal. The 
ordinary lower rank coal they call "Braunkohle,'' which they divide into various 
classes according to origin or, in other words, according to their components, and 
inclusions of woody substances in those coals are called "lignit.” They have the 
earthy brown coals, ordinary brown coals and lignitic brown coals. The earthy brown 
coals have hardly any apparent woody inclusions. The ordinary brown coals have 


* F. V. Tideswell and R. V. WTieeler: See page 200. 

*P. G. Nutting: Some Mechanical Properties of Moist Granular Solids. J nt. 
Wash, Acad. Sci, (1927) 17, 185. 
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quite a number of woody inclusions, which, as I said, they call '‘lignit.” They also 
have coals composed almost entirely of woody matter mostly of coniferous origin. 

W. Francis, 'Washington, D. C. — we assume, and I think Mr. Seyler has shown 
pretty vrell that such an assumption is justified, that the ultimate analysis of English 
coals will give a fair measure of their rank and will classify them according to their 
general properties, and if we also assume that American coals may also be classified 
according to some such system, are we safe in assuming that the same classification 
would apply to American coals that applies to British coals? I would like to suggest 
that of the different geologic coal-forming ages, there may be one system for Tertiary 
coals, one for Cretaceous coals and one for earh' Carboniferous coals, but it does not 
follow that these systems of classification can be exactly correlated one with another. 

Mr. Fieldncr has raised the point of inaccuracy and the corrections that have to 
be made with ultimate analysis. In view of the manj’ errors that may occur in analy- 
sis, and the very small range of analyses of all of our coals it would seem that Seyler’s 
classification contains too many fine distinctions and too many names. He has used 
tools which are too crude accurately to define the properties of coal. Ultimate 
analysis can only give approximations and will not specify the exact nature of any coal. 

H. J. Rose, Pittsburgh, Pa. — ^In our laboratories we have made an extensive 
graphic study of manj^ hundreds of coals, both American and foreign. We have a 
chart 15 ft. long showing 600 United States coals, and other charts sho^vdng analyses 
given by Mr. Seyler for Welsh, French and German coals. It has been very gratifying 
to compare the location of coals of known behavior on these different charts. We 
have frequently asked foreign visitors to point out two or three coals produced in their 
country which they consider best for a given purpose. For example they will point 
out several coals and say, “We consider those to be typical of our best gas coals,” 
Turning to the chart of the American coals, we will find them to be similar in ultimate 
analysis to coal from Logan County, West Virginia, Wise County, Virginia, eastern 
Kentucky, or other well-known gas coal fields. 

In the same way we can compare coals for other purposes. However, there are a 
great many ultimate analyses of European coals for which I have as yet found no 
American duplicate, especially low-hydrogen coals and a few high-hydrogen coals. 
In some cases, errors in the foreign anabases seem probable. However, coals in the 
same location on the chart have, in general, shown similar properties. It has been 
remarkably encouraging. 

C. A. Setler (written discussion). — I regret that I was unable to be present at the 
discussion of my paper. It is satisfactory however to find that Mr. Fieldner endorses 
the general proposition arrived at independently by myself and Ralston, that the 
ultimate analysis is a sound basis for classification, and that it can be correlated with 
one based upon volatile matter and calorific power by a careful plotting of the 
“isovols” and “isocals.” 

I regard it as the highest testimony to the value of such a classification that 
Mr, Rose has been able by its means to group together coals of similar coking proper- 
ties, whether they are of French, British, German or American origin. This is in itself 
a partial answer to the question raised by Mr. Francis as to whether different classi- 
fications will have to be made for coals of different geologic ages. 

I admit that the problem of the correction for ash, sulfur and water presents 
difficulties, but this applies to any chemical classification. I do not think it could 
be avoided by float-and-sink tests since there is a danger in such methods of segre- 
gating the banded constituents of coal which differ in specific gravity and ash. 

My view is that with standard methods of analysis and corrections the ultimate 
analysis is the best basis of chemical classification. I do not hope that it will enable 
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'15 to predict all the properties of a given coal, but it is the best raeans of placing a coal 
in a definite position in that curious transition from unaltered vegetable matter to 
anthracite which we speak of as change of ‘‘rank.*' 

I cannot agree with Mr. Ashley that our want of knowledge of the exact conditions 
under which water may exist fn coal should prevent us from expressing the results of 
coal on a dry, ash-free basis, just as we do with cellulose and on:or organic substances. 
If this difficulty had led us to express the results of elementary analysis upon moist 
instead of dry organic substances no correlation between composition and properties 
would ever have been possible. 

In conclusion I have urged the need of careful microscopic study of coals in addition 
to the chemical investigation. 



Pure Coal as a Basis for Classification 

By F. V. Tjdes'^vell* axd R. V. AViiKELER/ Sheffield, England 


(Nf*w York Mcf'ting, Febrtuiry, 1028) 

The suggestion, which appears to find increasing favor, that the 
elementary composition of coals should be used as the basis of their 
classification, makes it important that our methods of expressing this 
elementary composition should be refined. ' It is doubtful whether many 
published ultimate anah'ses of coals are accurate within 1 per cent, car- 
bon. Many are probably as much as 3 or 2 per cent, in error in carbon. 
It is, perhaps, not always realized that the extreme variation in carbon 
content over the range of bituminous coals is but 16 per cent. An error 
of 1 per cent, in carbon on analysis corresponds therefore with one-six- 
teenth of the whole range, an amount which is unjustifiable even for the 
application to commercial needs of a system of classification based on 
ultimate analysis. For the purposes of scientific research such limited 
accuracy is of little value. 

The object of this paper is to examine one important source of error in 
ultimate analysis, that due to the occurrence in coal of inorganic material, 
and to emphasize the need for the quantitative measurements (of carbon 
more particularly) on coals to be rendered independent of their contents 
of such material. 

Adventitious Mineral Matter 

When a determination of calorific value, for example, is made upon a 
coal, it is customary to correct the measured value with respect to the 
ash left by the coal on incineration, recording the result as being on an 
“ash-free basis.” It is desirable, before discussing the adequacy of the 
correction thus made, to demonstrate its validity, which turns on whether 
the ash is present as an adventitious impurity in the coal and forms no 
part of the coal substance itself. 

The inorganic matter associated with coal has originated in several 
ways^: 

1. The “inherent” inorganic materials, occurring as constituents of 
the plants from which the coal-forming deposits were derived. 

* Department of Fuel Technology, Sheffield University. 

^ R. Lessing: The Mineral Constituents of Banded Bituminous Coal. Jtd. Chem. 
Soo. (1920) 117, 256. 

R. A. Mott and R. V. Wheeler: Fttel in Science and Practice (1927) 6, 416. 
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2. Material deposited contemporaneously i^-ith the dj'ing plants, 
generally under water and hence intimately adiriixe<l with them. 

3. ^Material infiltrated into or deposited in crevices, or on layers in the 
plant accumulations after their deposition. 

The material of Classes 2 and 3 forms the "adventitious” mineral 
matter of the coal. 

The adventitious mineral matter can in no sense be regarded as forming 
part of the true coal substance. Its occurrence in the coal is incidental 
to the manner of deposition and the later treatment of the coal deposit. 
Much of this material, particularly of Class 3, can readily be 
removed mechanically. 

IXHEBEXT MiXEEAL MaTTEK 

The inherent mineral matter in coal represents the inorganic constit- 
uents of the original plants. The composition of such constituents of 
the plants of the coal age was probably similar to that of the mineral 
matter of present-day plants, i. e., it was rich in lime, silica and alumina 
and contained lesser amounts of alkalies and magnesium, with only 
traces of iron. During the formation of coal, much of the water-soluble 
minerals was leached out, so that the inherent mineral matter of the 
final coal is composed mainly of silica and alumina, and is reduced in 
quantity. In general the inherent mineral matter of most coals would 
seem to be less than 1 per cent. Vitrains, which are almost free from 
adventitious mineral matter, frequently contain under 1 per cent, of ash. 
Some durains, free from infiltrated salts, but contaminated with co- 
deposited mineral matter, contain between 1 and 2 per cent, of ash, while 
Mott and Wheeler® have shown that, by fine grinding and flotation, the 
ash content of coals containing a high percentage of mineral matter 
intimately mixed with them (so that ordinary methods of washing do not 
remove it) can be reduced to nearly 1 per cent. 

This small amount of inherent mineral matter, though a necessary 
ingredient of the coal, forms no part, so far as is known, of the molecules 
of the .coal substance. From our present viewpoint it is, like the adven- 
titious mineral matter, but a chance impmity in the coal-forming mate- 
rial. We may therefore group together the whole of the mineral matter 
in coal as being foreign to the coal substance® and can conclude that it is 
justifiable to make a proper correction to analytical data whereby they 
can be referred to the “pure coal.” 

*Loc. cit. 

* There is the possibility th&i materials deri-ved from the alkaline earth salts of the 
nltnin adds may be present in coal. No evidence of such salts in coal has so far been 
obtained and normally the amount of lime in the coal available for such compounds is 
small in amoimt. 
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CoMPOsmox OF Pt:re Coal 

This pure coal is composed of carbon, hydrogen, oxygen, nitrogen and 
sulfur, all elements forming the organic compounds of the original plants. 
The inclusion of nitrogen and sulfur in the pure coal should, in our view, 
be unquestioned. Nitrogen and suKur form a necessary part of the mole- 
cules of the most important coal substances, the ulmins, from -nrhich they 
cannot be removed -without complete destruction of the molecules. 

To obtain an accurate estimate of the composition (or quantitative 
property) of the pure coal, it is necessarj' first to separate the contribu- 
tions of the pure coal and of the associated compounds (moisture and 
mineral matter) to the observed analytical values. Then, the contribu- 
tion of the pure coal must be related to the actual amount of pure coal 
present. The correction as usually made for ash content (i. e., coal = 
100— ash, per cent.) cannot be accepted as adequate, since it assumes that 
the mineral matter in the coal and the ash left by it on incineration are 
identical in amount. Actually, the ash is almost invariably less in 
amount than the original mineral matter, so that the correction applied is 
too small. The error so introduced is frequently such as to affect the 
carbon content by 1 to 3 per cent. Further, the correction for ash usually 
disregards any carbon or hydrogen contributed by the mineral matter, 
while the common method of making a separate correction to the coal 
analysis for the total amount of sulfur present, though convenient, cannot 
be justified. 


"Unit Coal” 

These considerations were put forward many years ago. Parr and 
Wheeler^ suggested the term "unit coal” for the pure coal substance and 
derived formulas for the correction of the analyses to the basis of the pure 
coal. In making allowance for the mineral matter from which the ash 
was derived, these authors recognized the effects of shaly material con- 
taining water of hydration, of calcium carbonate and of pyrites, and 
assumed, for ease of calculation, that the whole of the sulfur of the coal 
was present as pyrites. Strahan and Pollard® discussed in detail the 
relation between the different types of original miueral matter and the 
amounts of ash obtained from each by incineration of the coal, but con- 
tented themselves with pointing out the liability of error involved in the 
usual correction for ash on analyses. Krym® has also discussed in detail 

* S. W. Parr and W. F. Wheeler: Unit Coal and the Composition of Coal Ash. 
Univ. HI. Eng. Exp. Sta. BvU. 37 (1909). 

® H. Strahan and W. Pollard: The Coals of South Wales. Mem. Geol. Surv. 
England and Wales (1916). 

* V. S. Krym: Izvesty & Teploteahn. Inst. (1926) 3, (16) 18. 
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the necessary corrections, but makes no application of his formulas to the 
several hundred analyses listed in his paper. The small attention paid 
to this earlier T\ork and the almost universal neglect to apply the sug- 
gested corrections make a reexamination of the subject necessary. 

Types of Mineral Matter 

Though the mineral matter associated with coal is complex and varied, 
it is in the main composed of three types of materials: (1) Shale and clay 
residues; (2) pj-rites and related materials (such as sulfates); (3) 
carbonates (present as partings). 

1. The day residues associated with coal contain a considerable propor- 
tion of water of constitution ■which is lost on heating. The residue loses 
nothing further on incineration, so that the correction to be applied is 
purely for this water of constitution. This probabh' varies in amount 
in different coals and it is unfortunately not usually possible to determine 
directly the actual content of water of constitution in the clay residues 
associated with any particular coal. Except where such a direct deter- 
mination is practicable, it is necessary to accept a mean value which will 
enable reasonably good correction to be made. 

The water associated with ordinary clays is of the order of 10 to 20 
per cent.; that associated with coal clays ■will probably be rather less. 
Mott and Wheeler’ gave 10 and 8 per cent, for the combined water of the 
shales associated with two samples of Yorkshire coals, but pointed out 
that these shales differed considerably from the mineral matter separated 
by flotation from the coals themselves. The values given by Mott and 
Wheeler for the combined water of mineral matter separated from coal 
are perhaps high because of water taken up during the process of separa- 
tion. After very careful drjdng, combined ■water contents of 12.9 and 
12.4 per cent, have recently been obtained. 

Parr and WTieeler* by comparison of the calorific values and ash con- 
tents of fractions separated by “float and sink" tests from a sample of 
impure coal, deduced a value of 8 per cent, for combined water content 
of the mineral matter. This value was intended to include other losses 
on ignition, and gave satisfactory correction of the observed calorific 
value over a wide range. 

We have recently had the opportunity of comparing a lar^ number 
of analyses of a coal seam of variable ash content but uniform compoa- 
tion. On plotting the ultimate compositions against the ash contents, 
a straight line graph is obtained, indicating uniformity of composition 
both of the pure coal and of the ash yielded by associated mineral matter 


' B. A. Mott and B. V. 'Wheeler: Loe. eit. 
* S. W. Parr and W. F. Wheeler: Loe. eit. 
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on incineration. This ash yield was 90 per cent, of the mineral matter. 
Direct determinations on the roof shale, after correcting for admixed coal, 
gave 91 per cent, of ash, and 9 per cent, of combined water. For this 
coal, therefore, about 9 per cent, of combined water is present in the 
associated shale. The same value (9 per cent.) can conveniently be taken 
as a mean for most coals. This value corresponds to an ash content of 91 
per cent. Therefore the total shale is given by (shale ash + shale 
ash) = 1.10 shale ash. 

The correction for this is important when a coal of high ash content 
is under consideration. The carbon content is particularly affected, 
while the hydrogen content must be further (and oppositely) corrected 
for the water yielded by the shale. In the following examples (Table 1), 
taken from actual analyses, the corrections are made thus: 

Mineral matter = (1 + w) ash. Therefore pure coal = 100 — (1 + w) 


Co 


lOOC 


100 


--T and Ho = -~- 


100 (H — w- ash) 


(1 + w) ■ 100 - (1 + w) 

, combined water of shale 

where 


and Co, Ho represent the carbon and hydrogen contents of the pure coal. 

The inadequacy of the ash-free correction is apparent. The increase 
in carbon obtained on correction to mineral matter-free is proportional to 
the assumed percentage of combined water in the mineral matter. Pro- 


Table 1. — The Effect of Added Coal Shale on Coal Analyses 


Mineral Afatter-free Basis 



1 

As Analyzed 

, On Ash-free 
Basis 

Combined 

Combined 

1 Combined 




i Water 

Water 

1 Water 

Material 

1 




' 5 Per Cent. 

10 Per Cent. 

16 Per Cent. 





on 

1 

Ash 

on Ash 

on 

Ash 


c, ! H, 

1 Ash, 

i C. 

H, 

1 

! c, 

H, 

c. 

! H. 

1 

c, 

H. 


Per 1 Per 

Per 

Per 

Per 

(Per 

Per 

Per 

1 Per 

Per 

Per 


Cent, j Cent. 

i 

Cent. Cent. 

1 

Cent. 

1 Cent. 

Cent. 

Cent. 

1 Cent. 

Cent. 

Cent. 

Coal A 

Coal A + loineral matter 

1 

71.8 5.36 

1.6 

72. 9 I 

J 

5.45* 
; 6.5i| 

73.0 

5.44 

73.0 

5.44 

73.1 

5.43 

separated from coal 1 

i 65.4 4.98 

9.6 

72.3: 


72.7 

5.49 

73.1 i 

5.46 

73.5 

5.44 

Difference j 

, 1 


1-0.6 4-0.06 

-0.3 

+0.06 

1+0.1 

t+0.02 

+0.4 

!+o.oi 

Coal C j 

83. 7- 5.50 

0,6 

84.2 

5.54 

84.2 

5.54 

1 84.3 

5.54 

84.3 

1 5.55 

Coal C 4- clay 

75.8' 5.08 

9.2 

' 83.5. 5.69 

83.9 

5.57 

1 84.3 

1 5.54 

84.8 

6.62 

Difference 


1 

-0.7j 

4-0.05 

-0.3 

+oro3 

nil 

nil 

+0.5 

-0.03 

Coal B 

Coal B + shale from : 

88. 5| 4.40 
81. 2 I 4.09 

I 1.9 

90,2 

4.49 

90,3 

4.48 

90.4 

4.47 

90.5 

4.47 

same coal ; 


9,5 

1 89.7] 

1 4.52 

90.2 

4.48 

90.6 

4.45 

91.1 

4.42 

‘ Difference : 



|-0.6 

1+0.03 

-0.1 

nil 

+0.2 

-0.02 

+0.6 

-0.05 

Coal B + mineral matter ' 

I ! 







i 



from another coal > 

82. 4| 4.22. 

7.9 

1 89.6 

4.69 

89.9 

4.56 

90.3 

4.63 

90.7 

4.50 

Difference | 



-0.7 

1 

+0.10 

-0.4 

+0.08 

-0.1 

+0.06 

+0.2 

+0.03 
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vidod a value of between o and lo per cent, is cho.sen for thi.s, the niaxi- 
luutn error involved is Ic.-=s than that introduced by the simple ash-free 
correction. If a mean value, say 9 per cerit. coinbiiK'd water (f. e., 10 per 
cent, on the shale ash), i.s assumed, the maximum error possible is about 
one-half that of the ash-free correction. Thes<‘ relative amounts are 
unchanged by the actual amount of ash present, but the absolute magni- 
tudes of the correction.s and error.? involved are proportional to the ash 
content. The estimate of 8 per cent, combined water made by Parr and 
Wheeler is substantially in agreement with our own. The as.?umption of 
10 per cent, combined water on the a.sh gives, however, more ready cal- 
culation. Should more accurate correction of a high-ash coal be desired 
a determination of the constitutional water of the associated mineral 
matter would be essential. The necessity for this would arise only in 
specialized research. 

2. Pyrites and Related Materials . — The iron in the mineral matter of 
coal is almost wholly present in eonibination with sulfur, originally as iron 
pyrites, approximately FeSj. From this may be derived, bj' oxidation, 
ferrous and ferric sulfates; and, b}- interaction, other sulfates. The 
amount of iron and other sulfates (except in coals which have undergone 
pronounced atmospheric oxidation) is normally small and for our pur- 
pose can be neglected. We will assume that the iron and inorganic sulfur 
are present, combined as iron pyrites, FeSj. 

Pyrites on complete combustion yield ash approximately according 
to the equation: 

2FeS2 * FejOg -}- 4 SO 2 (or SO*) 

3X120 2 X80 

and thus should jdeld 66.7 per cent, of ash. Actual determination 
on a sample of lump pjTites from coal gave 67.1 per cent, of ash. Since, 
then, the actual amount of pjTites present is 1.5 times the amount of iron 
oxide yielded on ashing, any” considerable amount of pjTrites present will 
materially influence the composition of a sample of coal when calculated 
to the ash-free basis. Thus, 3 per cent, of pyrites associated with 97 per 
cent, of pure coal would appear as 2 per cent, of ash. The carbon content 
of the coal calculated to 98 per cent, of pure coal would be 0.7 to 0.9 per 
cent, lower than that calculated to the 97 per cent, of pure coal actually 
pre^nt. That is, an error (defect) of about 1 per cent, in carbon would 
arise for each 3 per cent, of pyrites present. Many coal samples, as 
analyzed, contain 3 to 6 per cent, and even more of iron pyrites. 

Table 2 shows the effect of added pyrites on the composition of coal, 
and indicates the advisability of correcting to a pyrites-free, and not 
merely an ash-free, basis. For convenience somewhat high proportions 
of pyrites were added for these tests. In actual practice, perfect cor- 
rection cannot readily be made, since the elimination of oxides of sulfur 
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during ashing may be rendered incomplete by interaction with bases 
present in the ash. Such retention of sulfur is generally only of impor- 
tance in the presence of considerable amounts of bases such as lime, and 
even then the error introduced is seldom as much as one-third that 
involved by neglecting altogether the elimination of sulfur, in the usual 
way. Generally, the error introduced bj’ interaction is much smaller. 


Table 2. — Influence of Added Pyrites on Coal Analyses 


. Analysis on Min- 

As Analyzed On ^Vsh-free Mineral Matter Present eral Matter-free 
Basis Basis 

Sample — ^ 

C, : H, Ash. C. H. Shale ,* Pyrites, t' Total, C, , H, 

Per Per Per Per Per Per Per 1 Per Per Per 

* Cent. Cent, Cent. Cent. Cent. Cent. Cent. Cent. Cent. | Cent. 


A i 71.8 ' 5.36 1.5 . 72.9! 5.45 1.65 > Nil : 1.65 73.0 5.44 

A -4- pyrites ^ 64.5 4.82 9.0 _70.9 5.^_ 1^^ 11.5 1 13.0 ' 74.1 5.52 

Difference ; —2.0 —0.15 ' -fl.l • -fO.OS 

C i S3. 7 5.50 ' 0.6 84.2 5.54 0.7 Nil 0.7 84.3 ' 5.54 

C 4- pyntes ' 76.9 5.0 Q | 6.1 81.9 5 .32 0 .6 ‘ 8.35 ; 8.95 84.5 : 5.49 

Difference -2.3 -0.22 , 4-0.2 I —0.05 

B SS.5 4.40 ■ 1.9 90.2' 4.49 2.1 Nil 2.1 90.4 j 4.47 

B 4- pyrites 80.6 4.10 ‘ 7.5 87.1 4.43 1.9 8.65 10.55 90.1 ! 4 .56 

Difference —3.1 —0.06 —0.3 | -f0.09 


* Shale assumed to contain combined water equivalent to 10 per cent, of shale ash. 
t The proportion of pyrites is calculated from the ash content of the sample as analyzed, owing 
to the difficulty of obtaining a uniform sample of pyrites and coal. Where subsidiary interaction of the 
ash constituents may raise the total ash beyond that calculated, this method will indicate slightly 
greater P 3 nitic content than will direct determination and will therefore increase the error due to this 
interaction. Hence the somewhat overcorrected values of Coal A, 


The overcorrection of Coal A (Table 2) is due to this cause, but is empha- 
sized by the special method of calculation used for convenience in this 
instance; direct determination of pyrites in the sample, or of iron in the 
ash, would have given a lower value and reduced the amount 
of overcorrection. 

Correction for Pyrites 

This brings us to the manner in which the correction for pyrites should 
be made. (1) Where direct determination of pyrites in the sample is 
possible, correction may be made directly, thus: Total pyrites = 
1.875Spyr.; pyritic ash = 1.25Sp„. Addition to ash for pyritic suCfur 
correction = 0.625Sp„. This method has the further advantage that 
determination of the inorganic sulfur enables the organic sulfur of the 
coal to be calculated. (2) A more convenient method, and one sufl&ciently 
accurate for the purpose of the correction, is to determine the iron in the 
ash. This method, though giving somewhat too high values for pyritic 
content, corrects automatically and adequately for iron sulfates present : 
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FeSa = 2.14Fe. )^jFe 203 = 1.43Fe. Correction to ash = T-0.71Fe 

(^fFe). 

TTe must emphasize our belief that some such estimation of pjTites 
present is essential in all coal analyses where appreciable iron is found in 
the ash. Unfortunately, this determination has in the past been made 
infrequently, though total sulfur is generally determined. "When only 
total sulfur, comprising both the organic sulfur of the pure coal and the 
inorganic sulfur, has been determined, it becomes necessary for the pur- 
pose of correction to assume the whole of this as pyrixic sulfur (as sug- 
gested by Parr) or to make an approximate deduction for the organic 
sulfur. Fortunately, though the pyritic sulfur varies widely, because of 
its adventitious origin, organic sulfur in coal is much more uniform in 
amount.® While published data of the organic sulphur content of coals 
are scanty, we may quote the following collected figures for various coals : 


Powell and Parr*^ 

Per Cent. 

Yancej* and Fraser** C1921j, 

Per Cent. 

Woolaonseis (1925) 

Per Cent. 

1.25 

0.71 

1.09 

0.43 

1.17 

1.87 

0.47 

0.33 

0.72 

1.38 

0.79 

0.55 

0,55 

0.77 

1.64 

1.66 

1.30 

0.91 

1,24 

0.78 

0.83 

0.21 

1.81 

0.89 

0.63 

0.46 

0.87 

0.61 

0,51 

0.98 


. 

0.36 



0.23 


All the values range around 1 per cent., and therefore (3) in the absence 
of more complete data, it would be preferable to accept 1 per cent, organic 
sulfur, as an average value, and assume that the pyritic sulfur amounts 
to the total sulfur less 1 per cent. Spy,. = Stotai — 1- Pjodtes = 1.875 
(Stotai “ !)• Pyritic ash = 1.25 (Stotai ~ 1) and correction to ash = 0.625 
(Stotai — !)• This method should, however, be adopted only when more 
complete data are unobtainable. Methods (1) and (2) are recommended. 

3. Calcium Carbonate . — There remains, of the chief inorganic impuri- 
ties in coal, calcium carbonate (frequently admixed with other carbon- 


“ H. F. Yancey and T. Fraser: The Distribution of the Forms of Sulphur in the 
Coal Bed. XJniv. Bl. Ebg. Exp. Sta. BtiU. 126 (1921). 

“ A. R. Powell and S. W. Parr: A Study of the Forms in Which Sulphur Occurs in 
Coal. TJniv. HI. Eng. Exp. Sta. RwB. Ill (1919). 

“ H. F. Yancey and T. Fraser: Loe. eit. 

** T. G. Woolhouse: The Powell and Parr Method for the Determination of Sul- 
phur Compounds in Coal. Ftiel iri Science and Practice (1925) 4 , 464-456. 
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ates). Calcium carbonate when present is usually obvious, as “partings” 
or “ankerites.” "VMien so present, it can be estimated in the usual way. 
Normally it may be ignored. Calcium carbonate on ignition loses 44 
per cent, of carbon dioxide (the magnesium carbonate frequently associ- 
ated loses carbon dioxide even more readily and to a greater extent). 
The elimination (complete or partial) of carbon dioxide occurs during 
ashing in the muffle or during combustion analysis. When present, 
therefore, calcium (or other) carbonate introduces two serious (though 
opposing) errors: (1) The contribution of carbon dioxide, amounting to 
0.12 per cent, added carbon for every 1 per cent, carbonate decomposed. 
(2) A reduction of ash jield of 0.44 per cent., leading to an apparent 
decrease, on the ash-free basis, of approximately 0.4 per cent, in carbon, 
for every 1 per cent, of carbonate decomposed. 

Assuming complete decomposition, correction could be made thus: 
If m = carbon dioxide yielded by treatment with acids, correction to 
ash — carbonate ash = leaving total ash — to be 

otherwise corrected. Correction to carbon = — 

Tests have shown that decomposition of the carbonate is substantially 
complete during ashing in a muffle or during combustion analysis on the 
carbonate alone. During the more careful combustion analysis of a 
mixture of coal and carbonate (see Table 3) it appeared that elimination 
of carbon dioxide occurred only partially. Correction to the ash-free 
basis leads to carbon values too low by 1 per cent, or so for 10 per cent, 
carbonate present. The error is so small because of the contribution of 
carbon from the carbonate. On the other hand, correction to carbonate- 
free, assuming complete elimination of carbon dioxide, gives values both 
for carbon and hydrogen considerably too high, and therefore cannot be 
adopted. It would be possible to make further estimation of the carbon 
dioxide remaining in the ash and to correct accordingly and this procedure 


Table 3. — Effect of Added' Calcium Carbonate on Coal Analysis 


‘ 

t 

1 As Analyzed 

i ' 

j On Ash-free 

1 Basis 

! Mineral Matter Caleu- 
j lated 

Analyses on Min- 
eral Matteivfree 
Basis 

Sample 

c. 

1 H, 

i Ash. 

c. 

j H, 

Shale,* 

CaCOs. 

Total, 

c. 

H 


Per 

t Per 

Per 

Per 

1 Per 

Per 

Per 

Per 

Per 

Per 


Cent. 

j Cent. 

Cent. 

Cent. 

j Cent. 

J Cent. 

1 

Cent. 

Cent. 

Cent. 

Cent. 

Coal C 

' 83.7 

i 

i 5.50 

0.6 ■ 

84.2 

5.54 

' 0.7 

Nil 

0.7 

1 

84.3 

6.54 

Coal C + added 
carbonate 

! 77.6 

1 

1 4.98 

6.8 1 

83.3 

5.35 

1.4 

9.1 

10.5 

85.5 

5.55 

Difference 
*Coal.B 

i 

88.5 

4.40 

1.9 1 

-0.9 

90.2 

-0.19| 
1 4.49 

2.1 

Nil 

2.1 

+1.2 

90.4 

+0.01 

4.47 

Coal B -{- added 
carbonate 

81.5 

4.03 

1 

8.2 * 

88.8 

' 4-39| 

3.0 

9.1 

12,1 

91.5 

4.58 

Difference 

i 

1 


i 

-1.4 

-o.iol 

1 




+1.1 

+0.11 


* Shale assumed to contain combined water equivalent to 10 per cent, on shale ash. 
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could be adopted if necessary. Xevertheless, both because of this diflS- 
culty of correction and because of the possible interaction of the lime with 
other ingredients of the ash, it would be safer to insure the absence of 
such carbonates from the coal- sample. This presents little difficulty, 
because of its manner of occurrence. If mechanical separation, e. g., 
from a lump sample, is not practicable, float-and-sink separation, particu- 
larly from acid solution, will yield a carbonate-free sample. As already 
stated, most coal samples are practically’ free from carbonate and need 
not be so treated. 


Summary of Disciissio7i on the Three Types 


The inorganic ingredients of coal for which correction should be made 
on analysis are thus the shale and clay’ containing combined water and 
the inorganic sulfur, conveniently regarded as iron pyrites. The actual 
amount of shale ash cannot be directly- determined, in the presence of 
P 3 ritic ash, but must be determined by difference. The actual correction 
may be made in several ways, but probably the most convenient is to 
calculate the actual amounts of pyrites and shale present, thus: 

Pyrites = l.STSSpy,. or 2.14Fe or 1.875 (S — 1) 

Pyritie ash = 1.2oSp„- or L43re or 1.25 (S — 1) 

Shale ash = A (total ash) — 1.25Spyp. 

Shale = A + (A — 1.25Spyr.), where w = combined water in 


shale, per cent, on shale ash. 

Total inorganic material = A -f (A — 1.25Spyr.) + 1.875Sp^. 


If the combined water associated -with the shale ash is assumed to be 10 
per cent., the total inorganic material = 1.1 (A — 1.25Spyr.) -}- 1.875Spy,. 
= I.IA -f 0.5Spyr. The pure coal is then given by 100 — (1.1 A -f 
O.SSpyp.). ! 

The carbon values may then be corrected directly to this basis, as 
may be, if desired, nitrogen and organic sulfur. Hy-drogen needs a 
preliminary correction for water of hydration of shale '(assumed to be 
10 per cent, on shale ash). 

Water = (A - 1.25Spy,.) = ^ (A - 1.25Spy,.). 

_ 100(H - H o shale as h) 100 (H - Ko(A - 1.25Spyy.) 

“ ~ 100 — (shale -|- pyrites) 100 — (1.1 A O.SSpyp.) 


Co 

No 

So (organic) 


lOOC (or N or Spig.) lOOC ( orJT ot Sorg.) 

100 — (shale -1- pyrites) 100 — (i.lA + b.5Sp,i.) 


Oo = 100 — (Co "k Ho No -f»So). 
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In practice, analyses are now generally made on undried samples. 
The further correction for moisture content should be added to 
the formulas. 

The errors introduced by the presence of inorganic matter, and the 
necessarj' calculations to the pure coal, are not confined to the ultimate 
composition but apply to all other quantitative determinations on coal, 
e. g., to volatile matter content and calorific \mlue. The corrections to 
be applied in reducing to the pure coal basis are similar, with the appro- 
priate deduction for any actual contribution of the inorganic material 
to the measured value. 

Accuhact op Correction for Inorganic Material 

Though some space has been given to discussion of the means 
and manner of correction, where necessary, for the pr^esence of 
inorganic material, it is not considered that such correction can be made 
■with more than approximate accuracy. Some of the various sources of 
error in the finally corrected values have been pointed out earlier. More 
accurate correction, though not impossible, would demand laborious 
investigation. The correction as indicated, to the pure coal basis, is a 
practicable one and one which we are finding it necessary to adopt in our 
work to get reasonably accurate analysis of coal. The errors still 
involved are proportional to the ash content of the sample. In our view, 
if the composition of the pure coal is in question, it is essential to reduce 
the ash content to as low a value as is practicable before analysis, either 
by careful selection of the sample or by mechanical separation, washing, 
float-and-sink separation, or even by some method of selective flotation 
with oil, after fine grinding. Such methods get rid, not only of the car-' 
bonate, but of much of the shaly and of the coarser pyritic ingredients. 
When analyses of coal are required for purposes of classification on the 
basis of ultimate composition, this preliminary reduction of the ash to a 
reasonably low value (not exceeding, if possible, 4 to 5 per cent.) is essen- 
tial to obtain the necessary high accuracy in the analysis after correction 
to the “pure coal" basis. We anticipate that, ultimately, all coal samples 
for analysis, whether required for research or for commercial purposes, 
will receive this careful preliminary treatment. 

StTMMART 

Inorganic materials must be regarded as impurities in coal and their 
presence introduces errors into the composition as found by analyses 
which are not adequately corrected for by the usual calculation to an 
ash-free basis. The magnitude of the errors involved is greater than is 
perhaps generally realized. By calculation to the basis of the “pure 


S. W. Pair and W. F. Wheeler: Loe. eit. 
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eoal/^ that is to say, the coal free from the associated inorganic matter, 
which is greater in amount than the derived ash, the errors can be 
reduced considerably. This applies particularly to the shaly and pyritic 
constituents, the two main inorganic impurities in coal. Calciui^i car- 
bonate cannot so readily be corrected for and it is advisable (and practi- 
cable) to free the sample from carbonate. 

The corrections indicated in this paper are not absolute and, though 
their use minimizes the errors involved in the analysis of impure coal 
(and is therefore always ad\dsable), it is desirable, when exact knowledge 
of the composition of a coal is required, to reduce the magnitude of the 
corrections to be applied by working on as pure a sample of the coal as 
can be obtained. 


DISCUSSION 

H. J. Rose, Pittsburgh, Pa. — Most workers feel that for scientific classification 
it L3 generally necessary to calculate coals to the pure coal basis. For practical pur- 
poses we want to consider coal as it is, but in many cases we want to consider the 
combustible material in coal alone. 

R. Thiessex, Pittsburgh, Pa. — A point I want to bring out concerns the statement 
that the mineral matter can be eliminated up to about 1 per cent, by washing or 
leaching. Our experience is that it cannot be brought down to less than 3 or 4 per 
cent, ash in any coaL 

A. C. Fieldker, Pittsburgh, Pa. — In most cases that is true, although some coals 
are found in which the ash can be reduced to 1 per cent. 

W. H. Fulweiueh, Philadelphia, Pa, — ^How about the coals that contain only 1)4 
or 2 per cent, of ash? 

R. Thibssbn. — That is extraordinary coal I am beginning tb believe, and I 
think it has been shown in various ways, that some of the mineral matter has actually 
been combined with the coal substance. That is a matter that is very important and 
should be further investigated. 

H. J. Rose. — I spoke with Dr. TVheeler, when he was last in this country, on the 
subject of de-ashing coal for the purpose of analysis, and he said they were grinding 
the coal exceedingly fine in a colloid mill, finer than for the Trent process, for example, 
and that by doing so they were able to get figures such as were mentioned. I do not 
know what results we can obtain with American coals when treated that way. 

G. St. j. Pbsrott, Pittsburgh, Pa. — ^In an investigation of the Trent process, we 
ground various coals wet in a ball mill until the average particle size was about 10 
microns. On subsequent treatment by the Trent process we found that very little 
additional ash separation was obtained by grinding finer than 200-mesh (average 
particle size 35 microns). 

H. J. Rose. — We encountered a difficulty years ago in deter min i n g the ultimate 
analysis of coke. There is not much oxygen in coke but for some work we were on we 
wanted to determine the amount accurately. 

We found that the oxygen figure as ordinarily determined did not mean much; in 
fact, even the best analysts sometimes reported a negative percentage for oxygen. We 
decided to take the ash out of the coke by acid extraction. We ground the coke to 200 
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mesh or finer and extrrn*tcd it with hydrochloric and hj'drofiuoric acids and reduced the 
ash to below 1 per cent. We did this with coke from .Vmerican coals. 

It may be that this method is open to some objection. Wc did not follow it up 
very far. Neither of the acids used is an oxidizing a cid of the type of nitric acid. This 
is one possible way of going at it if you are wiUing to take the time — it is rather tedious 
— and risk altering the coal with the acid treatment. 

G. H. Ashley, Harrisburg, Pa.— Apparently, oxidation is likely to result in grind- 
ing the coal so fine. We compared the analyses of coal of various sizes from the same 
anthracite mine and found that the very small sizes of anthracite were above 20 per 
cent, volatile. The only explanation we could make was that there was oxidation in 
the very small sizes. 

W. H. Fulweileb. — In our experience in attempting to reduce the ash in coals, 
we have had the best results with the float-and-sink method. We have not had such 
success with the oil flotation method. We do not believe that it is possible to make a 
dogmatic statement as to the minimum ash in coal as it depends very much on the 
type of coal. 

Recentlj", on one sample, we reduced the ash from 7.2 to 1.2 per cent., grinding 
only to 100 mesh. It seems likely that with finer grinding a lower figure would have 
been obtained. 

A. G. Fieldxer. — There is one point in this paper that may lead to confusion in 
further work on coal classification. The paper says that the inorganic matter origi- 
nated from: 

The ‘inherent^ inorganic materials, occurring as constituents of the plants 
from which the coal-forming deposits were derived. 

“2. Material dei)osited contemporaneously with the d 3 ring plants, generally under 
water and hence intimately admixed with them. 

“3. Material infiltrated into or deposited in crevices, or on layers in the plant 
accumulations after their deposition. 

“The material of classes 2 and 3 forms the 'adventitious' mineral matter of the 
coal." 

I believe our practice in this country has been to class only the materials under 3 
as adventitious and to classify as inherent those under 1 and 2; that is, the ash coming 
from the plant plus the ash resulting from material deposited in intimate association 
with the plant. Obviously the contemporaneously deposited silt cannot be separated 
by the usual methods of separating out adventitious ash material such as the float-and- 
sink separation with heavy solutions or the Trent process. 

We should bear in mind this difference in nomenclature from that to which we have 
been* accustomed. I should 'prefer to call classes 1 and 2 inherent and class 
3 adventitious. 

H. J. Rose. — That is a point well worth, bringing out. There is one question that 
I would like to ask. In the case of coals which even after thorough cleaning still 
contain 5 per cent, or more inherent ash, can you see that ash in the coal under the 
microscope at high magnification? 

R, Thiessen. — -If you take a thin section of coal, thin enough to be transparent 
and examine it under the microscope, no ash is visible. Should you burn this section 
carefully, you will find that the ash stands out a very delicate colloidal aggregation, in 
exactly the same form as it was in the coaL It is in a colloidal-condition except for a 
few of the larger grains. If it is touched the whole structure sinks together. If you 
put it into water, the whole mass floats out in a colloidal suspension, except the few 
larger grains, and forms a milky liquid. If a drop of this is put under the ultramicro- 
Bcope, the minute particles are then visible. 





H. G- Turser, Bethieheifi, Pa, Vritten dLscu£5iOx^i . — Pure coal as a bask for 
classification is no dou])t highly desirable for the purposes of scientific research. To 
obtain pure coal, however, by making corrections for Lm purities will, I believe, lead to 
errors fully as serious as those arising from onv present method of analysis. The 
correction for 8 to 10 per cent, water of constitution for sluales vfould probably be too 
high in some cases. We find, for instance, that Clarke* * gi';'es a corni>Oftite anah'sis of 
78 shales as follows: 

i'iiB Cent. 


Water at 110° C 1.34 

Water above 110° G 3. OS 

Total 5,02 


Kemp gives these four analyses; 

Total Water 
Per Cent. 

3.84 

6.26 

6.51 

0.20 


L. V. Pirsson, of Yale University, gives: 

Total Water 
Per Cent. 

8.1 

9.7 

2.7 
8.5 


4 . 17 Average 


7.25 Average 


These analyses show a range of 0.20 to 9.7 per cent, with the average for combined 
water falling far below the 10 per cent, suggested for the purpose of correction. 

If we assume that the argillaceous matter is clay rather than shale, we come closer 
to the mark, as is shown by the following clay analyses:^® 


Water from Olats Dried at 100 ® C. 
Per Cent. 


4.63 

10.46 

11.72 

10.79 


1.95 

2.02 

4.11 

3.21 


6.23 Average 


Here we find a range of 1.95 to 11.72 per cent, with an average of 6.23 per cent., which 
is again lower than the assumed 10 per cent. 

In anthracite coal where the argillaceous material approaches a slate, the water 
percentages would be less than 4 per cent. 

Assumed relations of sulfur to iron are also unsafe as is shown by the ash anab^is 
of the Red Ash coal from Panther Creek, Pennsylvania, where 4.71 per cent, sesqui- 
oxide of iron is found in an ash containing only 0.285 per cent, sulfur. 

Again, our knowledge concerning the inherent ash of coal is very scant. Whereas 
the ash content of modern trees such as oak, beach and pine, falls far below 1 per cent., 
that of modem representatives of coal-forming plants ranges from 3.25 per cent, in 
Lycopodium dendroideum to 11.82 per cent, in Equisetum hyemale. The mineral 
matter contained in the coal-forming plants was obviously reduced in cases of bw-ash 
coal, while in high-ash coal we do not know how much of the ash is inherent. If we 
define inherent ash as that portbn of coal ash which cannot be removed without chemi- 
cal alteration of the organic coal substance, we have a far more definite concept. 

I concur with the writers* conclusion that coal as pure as possible should be secured 
for use as a basis for a classification of this kind. 


F. W. Clarke: Data of Geochemistry. U. S. GeoL Surv. 696, 4th ed. (1920) 
F. W. Clarke: Op. dt. 
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F. V. Tideswell and R. V. Wheeler (written discussion), — We do not think there 
should be much difficulty in reducing the mineral matter in most coals to a little over 
1 per cent, by suitable treatment. It is possible that a small proportion of this mineral 
matter is combined with the organic matter of the coal, as Dr. Thiessen suggests. It 
seems to us logical to term inherent” only that mineral matter that was derived 
from the inorganic constituents of the original plants. Though Mr. Fieldner states 
that this term is often taken to include the silt deposited contemporaneously with the 
plants and equally difficult to separate from the coal, we think “residual” a better 
term to apply to all such inorganic material, whether “inherent” or “adventitious,” 
as cannot be removed by phj’sical means. 

As Professor Turner states, exact correction for the water of constitution of coal 
shale is impossible because its amount varies so much. From our experience with British 
coal shales we consider the best mean value to lie between 8 and 9 per cent., a value 
differing but slightly from the 9.1 per cent, (calculated on the shale) assumed in our 
paper, which gives a convenient 10 per cent, correction on the shale ash. The erfor 
introduced by this assumption would in general be small, certainly smaller than that 
incurred by complete neglect of the fact that the shale contains combined water. The 
use of the iron content as a measure of the amount of pyritic sulfur present has been 
found to be sufficiently exact for most Briti^ coals, while it also gives a rough but 
necessary correction for any iron carbonate or hydroxide. 

The methods suggested have now been applied to a large number of British coals 
and found to give satisfactory corrections. We have therefore adopted the system 
as standard in our work, though we prefer that the samples of coal analyzed should be 
as free of mineral matter as possible. 



Valuation of Goal Properties 

By John' B. Dilworth,* Philadelphia. ?a. 

'Mtiw York Meeting, Fehr,iu.ry, lOJS 


This paper treats primarily of the valuation of developed coal proper- 
ties by the method of capitalizing their estimated average future earnings. 
However, reference is also made to valuations of undeveloped coal 
lands and to various methods of appraisal other than by future earnings. 

FcXDAMEXTAIi VaLUATIOX PRINCIPLES 

Before discussing in detail coal property valuations, a few statements 
bearing on the general subject will be made to present certain of the 
writer’s views on the question as a whole. 

1. A certain property at a given time has but one true value. This 
is not universally admitted. The appraiser rather frequently finds that a 
coal owner has in mind three valuations for his holdings; one, the figure 
at which he feels they should be appraised for taxation purposes; another, 
the much higher one that should be used if a loan is to be negotiated on the 
property; and a third, intermediate between the other two, the price for 
which he would be willing to dispose of his holdings were they for sale. 

The last is usually nearest to the true value, and because this is so the 
statement is generally accepted that the fair value of such a property is 
the price arrived at by negotiation between a willing seller and a willing 
buyer who are otherwise disinterested. 

2. Notwithstanding the foregoing, it is only very generally and 
approximately true that the proper measure of the value of a given devel- 
oped^ coal acreage is the unit or per-acre price for which one or more 
bodies of aimilaT coal in the same district have been sold recently. 

To give a few reasons why such a measure of value can not be strictly 
applied, it may be noted : 

a. That sales are often forced by circumstances at times when the 
coal business is depressed and buyers can be found only for properties 
that are offered at figures far below their true value. 

b. That conversely, during periods of unusual prosperity, abnormally 
lii gh prices are paid. Such conditions obtained several years ago when 
coal brokers, with very profitable contracts but no sure source of supply, 
were bidding against inexperienced or shortsighted operators for proper- 

* Edward V. d’InviUiera Engineering Co. 

^ By “developed” is meant coal tributary to an eristing mine. 
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ties in the belief that profits of from one to three dollars per ton on bitu- 
minous coal could be obtained indefinitely. During this period absurdly 
high prices were paid for coal land, which were in no sense a measure of 
its true worth, as has since been demonstrated. 

c. That sometimes the amount of money asked and paid for a prop- 
erty is far more than its normal or intrinsic value, because of considera- 
tions other than general utility involved in the transaction. The strategic 
position of the tract, or its peculiar desirability to a particular party for 
a special purpose, may have influenced the price very materially. 

d. That the outstanding reason why the sale price of one coal area is 
only a general measure of the value of another, even with* the same seams 
and in the same district, is the fact that rarely are two bodies of coal 
identical in all respects, or even sufficiently similar to have the same unit 
value. The truth of this statement wdll be shown by examples further 
on in this paper. It is sufficient to say here that, given two developed 
areas of the same coal bed, identical in thickness, character and position, 
their unit or per-acre value will vary materially with their accessibility 
and with their life or the speed with which they will be mined. 

3. The true measure of the value of an industrial enterprise, such 
as a coal-mining operation, conducted solely for profit and without regard 
to sentiment or personal enjoyment, is the amount and rate of earnings 
it will afford with intelligent and experienced management. 

This fundamental economic truth has been well expressed recently 
by a prominent financial writer as follows.^ 

One of the most valuable single concepts which the student may obtain from the 
study of economic principles is that value is derived from income, not income from value. 
As Professor Pisher says in **The Elementary Principles of Economics,” '‘The value of 
capital must be computed from the value of its expected future income. Not until we 
know how much income an item of capital will bring us can we set any valuation on 
that capital at all. * * * Not original cost, reproduction cost, book value or appraised 
valuation, but earning ‘power is the criterion.” 

As an evidence of the truth of this conception in its application to 
developed coal property valuation, it will be observed that most of the 
items in the following schedule of salient features affecting the appraisal 
of such a property relate either to the cost of producing coal or to the 
amount of money that can be obtained for it; the difference between 
which is the profit to the operator, or the earnings upon the capital repre- 
senting the worth of the property. 

Major Features Determining CoalAand Value 

a. Geographic location of area controlled — ^its relation to transportation, sources 
of supplies, labor, markets, etc. 

, 6. Accessibility of area to mining development. 

c. Assurance of coal reserves — ^thoroughness of prospecting. 

» Walker Van Ripper: Practical Hints for Investors. Barron’s (Sept. 6. 1926) 5. 
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d. Prospective output of ncir-e an^i life of co-I reserves. 

e. Character of coal seams ^thickr.f'sS; Tjurlings, rcguluritj', position. 

/. Quality of the coai rank, puiit,", heat uaits, ash f usibility. 

g. Uses and market reputation of the co.-.I. 

h. Mining, preparation and marketing faeiliries of the operator. 

i. Replacement cost of plant and mine ar.d the sab value of surface owned. 

j. Operating records past production and earnings. 

k. Labor situation oiganized or unorgaiuzed; supply. 

l. Terms of leases, if coal be so controlled. 

m. Comparative conditions on lands with competing mines. 

Segregation' of In'Ven'tory Items 

Appraisal of a developed coal property by the earnings method gives 
merely the total value of the entire producing unit and theoretically 
takes but little cognizance of its component parts. In practice, however, 
it is customary to segregate certain items of a similar nature (such as 
plant, surface land, etc.) and appraise them bj’- established methods, 
giving to the coal the residual value left after deducting the total of these 
individual appraisals. 

Convenient subdivisions of such a property for valuation purposes, 
and approved methods of appraising them are as follows: 

Mine Plant and Equipment, comprising structures, tracks, power 
lines, drainage and ventilation systems, and their accompan5'ing excava- 
tions, fills and grading; also machinery, tools, instruments, supplies and 
livestock. Such items are usually appraised at the estimated cost of 
replacing them by new units at current prices of machinery, materials, 
and labor, less such depreciation for age, condition, obsolescence, and 
lack of usefulness as judgment and experience dictate. 

Mine Dei'dopment. — This may advantageously be subdivided. 
Class A covers that of the more permanent type, such as drift portals, 
shafts, shaft-bottoms, rock slopes or tunnels, main-entry grading and 
permanent timbering, all of which are appraised in the manner indicated 
for mine plant and equipment. Class B covers mainly mine entries, 
air-courses and rooms with their break-throughs, cross-cuts and overcasts, 
all of which are constantly being abandoned in whole or in part and as 
continuoudy being replaced in kind until the mine ceases to advance 
into new territory. 

A proper method of valuing Class B development has never been 
agreed upon generally by engineers, appraisers, or mine operators; but 
it is the writer’s opinion that the truest measure of the value of such an 
asset is the difference between the cost of opening out the mine until its 
workings can furnish the output for which the plant is designed and the 
normal cost of producing the coal so mined.® Where there is considerable 

* For a fuller treatment of this subject, see paper by the writer. Trans. (1922) 
66, 715. 
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excess development of this class in a mine, additional value should be 
allowed, based upon its net cost. 

Town . — This subdivision comprises dwellings for officials and miners, 
clubhouses, garages, bathhouses, store and similar structures, with the 
accompanjung fences, sidewalks and streets and the water supply, 
lighting and sewage systems. These assets are appraised by the usual, 
replacement-cost method mentioned. 

General Construction Items . — ^These are mainly interest on capital outlay 
during plant installation and mine development, and the cost of engineer- 
ing, super\’ision and insurance over that period. The appraisal of this 
subdivision is based on the amount and rate of capital expenditure during 
the development period and the interest rate for money. 

Surface necessary for plant and town sites is appraised at the current 
selling price of similar land in the locality, unit figures of which have 
usually been fairly weU established by local sales. 

Occasionally a property has far more surface than is needed for 
mining. In such instances the excess surface should be disregarded in 
the calculation of total property value by the earnings method and 
appraised as a separate entity. This is likewise true of special timber 
tracts or any such asset not related to the mining or preparation of coal. 


Valuation op Coal Reserves 

In most instances, when a developed property is under consideration, 
valuation of coal reserves can be made most satisfactorily by estimating 
the worth of the industrial unit as a whole on an earnings basis and deduct- 
ing from the total the sum of the appraisals of plant, development, surface, 
etc., made by methods already indicated. 

Considerable judgment and experience are necessary to apply this 
method properly and the results obtained should be checked by compari- 
son with those given by other methods of procedure. But, recognizing 
that appraising is not an exact science and that in any method the element 
of personal judgment must enter largely, it is subriiitted that the one 
under consideration involves more reasonable assumptions, permits 
greater delicacy of adjustment to varying conditions, is more subject to 
demonstration and contains in itself more automatic cheeks against 
error than any other that may readily be employed. 


Justifiable Interest Bates 

Before proceeding with examples of valuation of coal ownership and 
lessees’ equities, a decision should be reached as to proper interest returns 
on capital invested in coal-mining enterprises under various conditions 
of control. 
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Take first the case where the entire property is owned by the opera- 
tor. What may be considered a reasonable average rate of return on 
his invested capital over the life of the mine? 

Bituminous coal operation has fewer risks than most mining enter- 
prises when undertaken by experienced men, guided by competent 
financial and engineering talent. Most failures in it have been due to 
unwise selection of properties, lack of experience, and insufficient capital, 
all of which are preventable. Nevertheless, it has some uninsurable 
natural and industrial hazards, and in almost every field it is subject 
to severe competition in the marketing of its product. It follows, there- 
fore, that the rate of return on capital invested in a coal- minin g plant and 
its tributary acreage should be very appreciably higher than that afforded 
by good bonds or well seasoned stocks, and somewhat above what is 
considered equitable for capital invested in many manufacturing enter- 
prises not of a “wasting” or self-consuming nature, and where there are 
possibilities of varying product to suit changing demands of the market. 

Experience has shown that in the older coal-mining districts of the 
United States, where the industry is on a fairly stable basis, an average 
return of 12 per cent, per annum on capital invested in the coal and plant 
of an active property may be considered reasonable. And this rate 
used in valuation calculations gives results according quite well with 
those obtained by other methods, where these can be applied with reason- 
able assurance of accxiracy. 

In the case of a lessee-operator who owns his plant but is mining 
another’s coal under an agreement of lease, the capital is more in jeopardy 
than if the operator owned the coal and no lessor had first call on earnings 
for royalty payments. It follows that he shoiild anticipate a higher rate 
of return on his investment than the fee owner. Where the royalty paid 
is about one-third of the average earnings from operation, which is 
normally the case, 15 per cent, per annum is a fair rate of return on the 
lessee’s capital. If royalty payments are relatively low, 13 per cent, 
interest is sufficient; if high (half or more of probable average earnings), 
16 per cent or a higher rate should apply. 

Conversely, the coal owner-lessor’s capital is more secure than if it 
were invested in both plant and coal. Usually he has a lien on the lessee’s 
plant to secure pasmient of royalty and his income is to a degree inde- 
pendent of the fluctuations of operating costs and coal prices. A fair 
average return on an owner-lessor’s invested capital may be placed at 
8 per cent, per annum, assuming ordinary conditions to prevail. In 
unusual cases, where the coal value is greatly in excess of plant value and 
the royalty amounts to half or more of the average earnings, a return of 
about 9 per cent, on the coal-owner’s capital is more equitable. 

It frequently happens that a lessee becomes a lessor and subleases a 
portion of the coal he controls at a higher royalty than he himself pays 
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to the owner. Such a sublessor is freed from the direct risks' of mining and 
marketing the coal but he still has to meet his obligations to the owner- 
lessor, so his equity capitalization should bo figured with a somewhat 
higher interest rate than that of the owner-lessor. Naturally, this rate 
should vary somewhat with the margin between the owner’s royalty rate 
and his own, but generally an interest rate between 9 and 10 per cent, per 
annum will be found equitable in such instances. 

Finally, the case of the owner whose coal has been leased and then 
subleased to an operator. He has not only an ultimate hen on the plant, 
but both lessee and sublessee must fail before his royalty income is 
disturbed. Moreover, in instances where the owner’s royalty rate is 
well below the normal regional rate for such coal, he may well be able, 
in case of failure of both lessee and sublessee, to re-lease his property to 
yield a much greater royalty return than he is now recei-ving. 

His coal holdings therefore approach the nature of a prime investment; 
though they are usually not quite so, inasmuch as it is rarely beyond the 
range of possibhity that the coal body may develop irregularities or 
otherwise afford less than the calculated tonnage, and the owner is 
generally at some expense for supervision of lessee and for local taxes on 
the coal. All things considered, a fair interest return on capital so 
invested would seem to be 7 per cent, per annum when the actual royalty 
rate is about half the normal, and ranging on up to 8 per cent, as the 
actual rate approaches the normal. The 8 per cent, rate is also justified 
where the value of the coal leased greatly exceeds that of the mining 
plant, as will be shown later by example. 

Appraisal Examples 

Illustrations follow of the application of the estimated earnings method 
of valuation to concrete cases. These exhibit many of the features of 
the method more clearly than is possible by abstract discussion. 

A type property will first be considered, i. e., one where conditions of 
coal acreage, bed thickness, yield, mine production, life, earnings, taxes, 
and the relation of plant cost to rate of production are such as obtain 
in many fields throughout the country. This type property will be 
designated as Class A and its coal value will be found approximately 
equal to its plant value. 

To show generality of application, two other properties will be con- 
sidered incidentally: Class B, with thin coal, relatively small production 
and earnings, and a plant value over twice the coal value; and Class C 
with thick coal, large production and earnings and a plant worth about 
half as much as the coal. 

Basic features of these three properties are given in Table 1. Values 
in the first group are assumed for the individual properties; those in the 
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last are derived from the assumed conditions by the calculations to follow. 
Bracketed letters in the table are symbols to be used in a formula 
given later. 


Table 1. — Fundamental Features of Various Classes of Properties 



Class A 

1 Class B 

Class C 

X lGIjuS 

(Type) 

; (Cheap) 

(Costly) 


Assumed 


Coal acreage (horizontal bed) 1 

800 

1 soo 

1,260 

Coal thickness ■ 

5 ft. 0 in. 

3 ft. 6 in.| 7 ft. 0 in. 

Coal yield per acre, short tons 1 

7,600 

5,000, 10,000 

Total recoverable, short tons ! 

6.000,000 

2,500,000i 12,500,000 

Average annual production, short tons 

240,000 

100,000l 500.000 

Life of mine, years 1 

25 

25 

1 25 

Surface owned, acres 1 

100 

50, 100 

f Value of plant, development and supplies ! 

$300,000 

$106,000| $600,000 

(P) \ Value of surface i 

$10,000 

$4,000; $20,000 

[ Amount of working capital | 

$50,000 

$20,000 

$100,000 

(S) Salvage value of working capital and I 



1 

1 

property 1 

8120,000 

$40,000! $240,000 

Average operating profit,® per ton i 

40 0. 

25 c. 

60 c. 

(E) Average operating profit,® per annum — ; 

$96,000 

$25,000 

$300,000 

(f) Federal tax on net earnings : 

8 % 

8% 

8% 

Local taxes on appraised values ! 

l-% 

- 1% 

1% 

(r) Fair interest return: 1 


1 

1 


Owner-operator 1 

12% 

12 % 

12% 

Owner-lessor j 

8% 

8%| 

9% 

Lessee-operator 1 

15% 

13 %! 

17% 

Owner to sublessor j 

7-8% 


8% 

Sublessor | 

9-10% 


11% 

(a) 6 per cent. 25-yr. sinking fund payment ; 

1 

1 

1 


per dollar I 

$0.01823 

1 80.01823 

80.01823 


1 


Derived 


(C) Value of coal, total 

$304,000 

$44,00o! 

$1,337,500 

Value of coal, per acre 

$380 

$88; 

$1,070 

Value of coal, per ton 

5.1 c. 

1.8 c. 

10.7 c. 

Normal annual royalty, total 

$36,305 

$5,507i 

$172,458 

Normal annual royalty, per ton 

15.1 c. 

5,5 c.i 

1 

34.5 c. 


» After all charges except depreciation, depletion, federal tax and interest on 
capital. 


Example I 

With the conditions assumed for the type property (Class A), what 
is the coal worth to an operator who owns both it and the plant? 
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This can be expressed by a general formula, as will be shown later, 
but solution by trial is perhaps preferable for the sake of clarity therefore 
it will be given first, using the basic data in Table 1. 


Value of plaut, surface and working capital $360,000 (P) 

Value of coal @ (by trial) $380 per acre 304,000 (C) 

Total capital investment $664,000 

Salvage value of plant, surface and working capital 120,000 (,S) 

Capital to be amortized $544,000 


On the basis of these figures, the estimated average annual earnings 
(E) of $96,000 should pay 12 per cent, (r) interest on the total capital 
invested and an 8 per cent. (/) federal income tax on this interest, and 
afford an annual sinking fund which will return the amortizable capital 
at the exhaustion of the coal. Tables show that $0.01823 (a) placed 
annually in such a fund bearing 6 per cent, interest for 25 years will 


amount to .$1.00. 

As a proof that this is the ease we have, 

12 per cent, interest on $664,000 capital $79,680 

8 per cent, federal tax on interest earned 6,374 

6 per cent, sinking fund to retire $544,000 in 25 years 9,917 


Total annual earnings 


$95,971 


It follows from these calculations that about $380 an acre, or 5.1 c. per 
recoverable ton, is a fair price for this coal under prevailing conditions. 

The foregoing calculations may be expressed in a general algebraic 
form and shortened for convenience. Using the bracketed letters in the 
table as symbols of the various items to which they are appended, the 
following equation may be written; 

E = r (P + C) +fr iP + Q + a (P + C - S) 

C (r +fr + a) = E + aS — P (r + fr + a) 

_ g + aS 
r +fr + a 


Substituting the values assumed in the example, 


96,000 + 0.0 1823 X 120,00 0 _ _ 

0.12 + 0.0096 + 0.01823 3b0,000 - $304,193 


Coal values in Class B and Class C properties, under the conditions 
assumed for them in Table 1, may be shown by the calculations or formula 
used for the typical Class A property to be $44,000 or $88 an acre for 
Class B and $1,337,600 or $1070 an acre for Class C. 

To indicate some of the ways in which this method of coal valuation 
is useful to appraisers of developed lands, and to owners and operators, 
there will be considered first the case of a property identical in all respects 
with the type one except that it contains but 480 acres of coal with 3,600-, 
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000 recoverable tons, has a life of 15 years and a salvage value of $140,000. 
What is its coal worth? 

This may be determined by trial calculations, or by the formula, with 
sinking fund tables giving a = 0.04296, thus: 


C = 


JSf -{~ oJS 
r + /r 4- « 


■P = 


_ 96,000 + 0.04296 X 140,000 
0.12 -f 0.0096 + O'. 04296 


- 360,000 = $231,180 


which is equivalent to $481 an acre, the value of the coal. 

Were the tributary coal area only 320 acres, so that the life of the 
operation should be 10 years, its coal would be worth, by the foregoing 
method of appraisal and allowing $150,000 salvage value, about $508 
an acre. Were only 160 coal acres available, giving a 5-year life and, say, 
$170,000 salvage value, their unit value would be $319 an acre. 

Considering the opposite condition, if there were 1120 acres of tribu- 
tary coal, giving a life of 35 years and a salvage value of $100,000, the 
coal would be worth $303 an acre. 

A comparison of the foregoing figures shows that under the assumed 
conditions (and they are approximately those prevailing at many opera- 
tions) developed coal land has its highest unit value when its life is aroimd 
10 years. When the life period is shorter, depreciation on plant becomes 
excessive; when longer, the interest charges (and local taxes as well) take 
a heavy toll of earnings and reduce the unit value of the coal. Moreover, 
an operation designed for a long life, say 30 years, often has an expensive 
type of plant, with steel, stone and brick structures and costly town 
improvements, all of which add to the capital investment without pro- 
portionately increasing earnings, and they correspondingly lower the 
unit value of the coal holdings. 

Practical issues, such as the desirability of maintaining an efficient 
organization, holding established markets, providing against irregularities 
of operation and markets, conserving the potentially long life of a large 
investment in town and community accessories, being able to borrow 
capital through bond issues, and avoiding the uncertainty of obtaining 
suitable new territory at a satisfactory price when desired, usually 
militate against opening a large naine with a life of but 10 years; so that, 
all things considered, a 25-year life is about the normal for a modem 
bituminous coal operation. It is unquestionably true, however, that, 
given two properties with similar natural conditions, the most profitable — 
the one affording the highest rate of return on invested capital and in 
which the coal bears the highest valuation — ^is the one with simple plant 
structures, efficient but not necessarily elaborate equipment, and a life 
not exceeding 15 years. 

To illustrate the effect on coal value of an abnormal capital expendi- 
ture in plant, assume a property identical with the one here adopted as 
typical except that its plant has a replacement value of $400,000 because 
of expensive shafts, a railroad bridge, or some other costly item essential 
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to the development of the coal but adding nothing to operating efficiency 
as compared with the type property’s plant. What is its coal worth? 

Except for a possible slight increase in salvage value, which may be 
neglected for the purpose of this illustration, the second property is 
worth no more than the first one, or merely $664,000. As the value of 
plant, surface and working capital is fixed by generally accepted methods 
of appraisal at $460,000, the coal takes the residual value of $204,000, 
or $255 an acre, instead of $380 an acre as in the type case. 

Consider now the problem of the owner of the type property worth 
$664,000, who feels that by installing a prepai'ation and cleaning plant 
he can increase the net profit on his coal by 10 c. per ton, making it 50 c. a 
ton, or $120,000 annually. How much can he afford to spend on 
these additions? 

By transposing the coal-valuation equation to read 

p ^ -4-1^- - c 
r +fr + a 

and solving with trial values for S, the value of plant, surface and work- 
ing capital (P) is found equal to approximately $525,000, which is $165,- 
000 greater than the original $360,000 value of this item. Therefore, to 
increase average net earnings by 10 c. a ton, the owner is justified in 
investing about $165,000 additional in plant and working capital. 

As a check on this calculation, it may be noted that the extra earnings 
of $24,000 a year will afford a sinking fund sufficient to retire the amortiz- 
able (not the working) capital in 25 years, pay an 8 per cent, federal 
tax and yield approximately 12 per cent, interest on the investment. 

Example II 

The mine operator of the type property owns the plant and surface 
only and leases the coal from its owner. Local taxes on coal are paid by 
the owner, those on surface and improvements by the lessee. What is 
the maximum annual royalty the lessee-operator can pay and earn 15 


per cent, on his invested capital? 

Capital in plant, surface and working capital $360,000 

Salvage value of plant, surface and working capital. . 120,000 

Lessee's capital to be amortized $240,000 

Total earnings ($96,000) plus 1 per cent, local taxes ($6,000), $102,000 

15 per cent, interest on $360,000 capital $54,000 

8 per cent, federal tax on interest earned 4,320 

6 per cent, sinking fund to retire $240,000 in 25 years 4,375 

1 per cent, local taxes on plant value 3,000 

Lessee's requisite annual earnings 65,695 

Maximum royalty charge applicable, $ 36,305 
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It follows from these calculations that a fair royalty for the coal in 
this property is about $36,300 a year, equivalent to a rate of approxi- 
mately 15.1 c. per ton. 

The question now naturally arises: Can the owner of this coal, which 
is considered worth $380 an acre, or a total of $304,000, afford to lease 
it at 15.1 c, per ton royalty, yielding $36,300 per year, to an operator who 
will exhaust it in 25 years, assuming the owner-lessor is entitled to 8 per 
cent, interest on his capital? 


Annual income to coal owner-lessor from royalty $36,300 

Annual 6 per cent, sinking fund to retire $304,000 in 25 years $5,542 

Annual supervision charge, land and federal taxes 6,200 11,742 


Annual net income (8.1 per cent, on $304,000 capital) $24,558 


It seems, therefore, that about $380 an acre, or 5.1 c. per recoverable 
ton, is a fair valuation for this coal, whether it be owned and operated at 
an average profit of 40 c. per ton or leased at 15.1 c. per ton royalty. 

It follows from this line of reasoning that if the appraiser has few data 
from which to estimate future average earnings of the property under 
consideration, but knows that 15 c. per ton is the regionally established 
royalty rate for similar coal which can be developed at a cost of about 
$1.50 per ton of annual output for plant and working capital, he has strong 
evidence that this coal is worth about 5 c. per recoverable ton in the 
ground. By a calculation similar to the one just made, the appraiser 
can take any royalty rate and determine the corresponding value of the 
coal so leased. 

This means of checking coal valuations is frequently very helpful, 
particularly in old mining districts where recent sales have been few but 
where prevailing royalty rates may be easily ascertained. Usually 
these rates have been determined by long experience and indicate the 
combined judgment of both owners and operators as to the true value 
of their unmined coal. 

Calculations similar to the foregoing, but using factors assumed for 
Class B and Class C properties, show that a fair or normal royalty for 
the cheap Class B coal is $5500 per annum or 5.5 c. per ton, while for 
the valuable Class C coal it is $172,460 per annum, or 34.5 c. per ton.^ 

It must be noted, however, that in the calculations for these proper- 
ties, with coal values near the extremes of the valuation range, certain 
adjustments in interest rates should be made to conform to the rather 
abnormal conditions. The lessee of the cheap Class B coal pays out 
only one-fifth of his earnings in royalty, therefore he is almost in the 

^ It is interesting to observe that in aU three classes of properties the value of the 
coal in cents per ton is very close to one-third of the normal royalty rate; also that 
from 20 to 25 c. of earnings are necessary to pay proper return on capital invested in 
plant, surface and working capital; i. e., the ordinary lessee's investment. 

VOL. 76. — 15 
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position of the owner of the entire property and is entitled to only a 
little higher rate of interest on his capital than if he were full owner. 
If the latter is due 12 per cent., a fair interest rate on this lessee’s capital 
would be around 13 per cent, and this figure has been used in 
the calculations. 

As for the lessee of the valuable coal, he is obligated to pay over half 
of his earnings in the form of royalty to the coal owner and a relatively 
small shrinkage in earnings below the assumed normal would reduce his 
profits very materially. To compensate for this extra risk, his rate of 
return on invested capital has been placed at 17 per cent. 

In such an instance, the owner-lessee is entitled to a capital return 
slightly higher than the normal 8 per cent., so 9 per cent, has been used in 
the current calculation. The principal reason for this increase in interest 
rate is the relatively small additional investment in plant (about 50 per 
cent, of the coal value) which the coal owner would have to make to 
become an owner-operator and thus be entitled to 12 per cent, interest 
on his entire investment. To secure this return. Class A coal owner 
would have to invest 100 per cent, of his coal value in mine plant, and 
Class B owner would have to invest 300 per cent. Moreover, the very 
fact that the lessee of Class C coal owner has a relatively less costly mine 
plant to secure the royalty income makes the hazard of Class C coal 
owner greater than that of Class A and Class B owners and justifies a 
higher rate of return on his capital. 

Example III 

Assume that the type property. Class A, had been leased by its 
owner years ago, when the coal was less valuable and royalty rates 
lower than at present, at a royalty of 8 c. per ton to a lessee who subse- 
quently sublet it to the present operator at the current 15.1 c. royalty, 
the sublessee-operator owning the plant and surface. What is the 
present value of the owner’s equity in the coal if it brings hi m $19,200 
annually, and capital so securely invested warrants a 7 per cent, 
interest rate? 

A general algebraic formula may be developed, as in the case of 
Example I, to solve this problem by a single operation, but a sufficiently 


close result may be secured more readily by trial, thus: 

Annual 7 per cent, interest on $181,000 coal equity value $12,670 

Annual6peroent.sinkingfundtoretire$181,000in25 years. . . 3,300 

- Annual supervision charge, land and federal taxes 3,200 

Annual income from royalty $19,170 


If it be true that the foregoing owner’s equity in this coal is worth 
$181,000 ($226 an acre) and that the fee ownership of the coal is worth 
$304,000, it follows that the first lessee’s equity is worth $123,000 ($154 
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an acre) and that his royalty income of 7.1 e. per ton, or $17,100 annually, 
should afford him a fair return of between 9 and 10 per cent, on this sum. 
That this is true is shown by the following calculation: 


Annual income from 7.1 c. per ton royalty $17,100 

Annual 6 per cent, sinking fund to retire $123,000 in 26 years $2,242 

Annual supervision charge, land and federal taxes 3,000 5,242 


Annual net income (9.6 per cent, on $123,000 equity value) $11,858 


Problems of this character frequently arise in practice. Sometimes 
the coal land under consideration has been leased and then sublet, as in 
the example just given; but more frequently there is merely an old lease 
from the owner to the mine operator in which the royalty rate is dis- 
tinctly lower than that prevailing at present for similar coal in the region, 
and the appraiser’s problem is to determine the respective values of 
owner’s and lessee’s equities in the coal. 

To ascertain how the foregoing solution of this class of problems works 
out under varying conditions, assume that Class A property had been 
leased at 10 c. per ton royalty and sublet at 15.1 c., giving annual royalty 
incomes of $24,000 and $12,300 to owner and sublessor respectively. 
Here the owner’s royalty is two-thirds of the total, or normal, royalty, 
instead of about half as in the first instance, so his rate of return on capital 
should be somewhat greater than before as his status is more nearly that 
of an owner leasing directly to an operator and entitled to an 8 per 
cent, return. 

Using a 7.5 per cent, interest rate and carrying through the calcula- 
tion as before, we find that the owner’s equity is worth $216,000 or $270 
an acre. The lessee’s is worth the difference between the total value of 
the coal ($304,000) and the owner’s equity value {i. e. $88,000 or $110 an 
acre) and his net income of $12,300 from royalty will return 9.5 per cent, 
on this valuation after deduction of sinking fund and supervision charges, 
and proportional land and income taxes. 

Were the old and new royalty rates 12 c. and 15.1 c. respectively, a 
7.75 per cent, interest rate for the owner’s capital would place his equity 
valuation at $254,000, or $318 an acre, leaving $50,000, or $62 an acre, 
as the value of the sublessor’s equity upon which his 3.1 c. net royalty 
would pay about 10 per cent, interest after proper amortization, super- 
vision and tax deductions. 

Turning to Class B and Class C properties. Class B may be excluded 
from the examples of this kind of calculations, as its royalty rate of 5.5 c. 
per ton is so small that it would hardly be subdivided between a lessee 
and sublessee. 

Taking Class C property, assume that its royalty of 34.5 c. per ton, or 
$172,500, annually, is divided — ^20 c. per ton, or $100,000 a year, to the 
owner and 14.5 e., or $72,500 annually, to the sublessor. Inasmuch as it 
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has been shown that this owner, when leasing directly at full royalty to an 
operator, is entitled to a 9 per cent, interest return on his capital, his 
equity in the present instance should be capitalised at about 8 per cent. 
Correspondingly, the .sublessor’s capital should earn about 11 per cent. 
Following the form of calculation already employed and determining 
coal equity values by trial, owner’s equity valuation is shown: 

Annual 8 per cent, interest on $862,000 coal equity value $68,960 

Annual 6 per cent, sinking fund to retire $862,000 in 26 years. 15,714 
Annual supervision charge, land and federal taxes 15,300 

Annual income from royalty ' $99,974 

Sublessor’s equity valuation is checked as follows, it being the difference 
between full value and owner’s equity value, or $475,500: 

Annual income from 14.6e. per ton royalty $72,500 

Annual 6 per cent, sinking fund to retire $475,000 in 25 years $ 8,668 

Annual supervision charge, land and federal taxes 11,400 20,068 

Annual net income (11 per cent, on $476,500 equity value) $52,432 

There are, therefore, good grounds for the statement that, in the 
instance cited, the owner’s equity in this valuable coal land is worth 
$690 an acre and the sublessor’s is $380 an acre. 

Examples of Special Appraisal Conditions 

The foregoing groups of examples illustrate the application of the 
earnings method to the principal classes of coal-land appraisal usually 
encountered. Each class has many variations, but practically all of them 
can be handled by an adaptation of one of the methods outlined, always 
bearing in mind that, in the last analyses, the true measure of the value 
of an industrial asset is its earning power. 

Certain common variations from standard conditions not considered 
in the illustrations given are mentioned below. 

It frequently occurs that a property in which a mine is operating has 
sufficient coal to last far beyond the efficient life of the plant at the 
rate of production that the mine may be expected to TYia,iTit,a.i'n . In 
such a case it is suggested that a sufficient acreage be assigned to the 
to give the plant the life that its condition warrants and appraise it 
as developed coal. The remaining acreage should be appraised as 
undeveloped land. 

In valuing undeveloped coal land, the earnings method is not directly 
applicable, for obvious reasons, and the recent-sale-piice-of-sitmlar-land 
measure is usually applied with such skill as the judgment and experience 
of the appraiser can command. Even here, however, the earnings 
method is usually helpful, unless the field is generally undeveloped, for by 
it an estimate can be made of the value of a developed area of somewhat 
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similar coal land and this will give some basis of valuation for the 
undeveloped tract. 

For instance, if Class A coal of these illustrations is worth $380 an 
acre, and there is under consideration a similar body of undeveloped coal 
in the same region which, it is judged, will not be opened to mining for 20 
years, such a body may reasonably be considered worth about $95 an 
acre today. This is on the principle that an investment in idle coal land 
will double itself every decade through accumulating interest and 
tax charges. 

Occasionally a property is examined where the replacement value of 
the plant is so high, or prospective earnings so small, that appraisal 
by the earnings method leaves httle or no value for the coal. This would 
have been the case with Class A property, for example, if plant and surface 
appraisal, with working capital, had amounted to $660,000, or if indicated 
average future earnings had been 20 c. per ton. The total value derived 
from earnings is correct; but the coal, disregarding the plant, probably has 
some sale value, so in practice it is best to appraise the coal at a low but 
reasonable figure and deduct this amount from the plant valuation. 
In other words, such a result means that the plant is too costly for coal 
of such character or else that the land has been prematurely developed. 

Sometimes an appraiser finds that a property with good coal has 
been so loaded down with an elaborate plant and town, the high costs 
of which can not be proportionately reflected in large earnings, that his 
calculations give a unit value for the coal which is obvioudy too low as 
compared with such values on other properties mining the same seam, 
having similar lives, and showing equal earnings. In such a case the 
total value should stand, but plant appraisal should be depreciated for 
inefficiency until the residual figure represents the true worth of the coal. 

This assumed condition affords an opportunity to illustrate the fact 
that the earnings method of appraisal is not a routine system that can 
be applied indiscriminately by an inexperienced person, nor is it one the 
results of which need not be cheeked by pertinent data from other 
sources and methods. In the case just mentioned there may be an 
opportunity to increase production or profits very materially by a 
comparatively small expenditure of capital in a certain department, such 
as for additional mine cars, power-plant unit, dwellings, picking table, 
etc. The increase in total value of the operation occasioned by this 
additional expenditure may be many times the amount of capital required, 
because the new equipment may add to the usefulness of that already 
installed. It is only fair under these conditions that the property 
appraisal be credited with this prospective increase in value, deducting, 
of course, the sum necessary to bring about the improvement. 

Unusual hazards or uncertainties at a particular property may readily 
be allowed for in appraisal by the prospective-earnings method through 
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increasing the interest rate used. For instance, some years ago a serious 
attempt was inaugurated in the Georges Creek district of Maryland to 
rework certain of the “ Big Vein ” areas from which scarcely 60 per cent, 
of the coal had been mined. There was little question of the amount of 
coal available and no doubt as to its quality and marketability; but the 
projected method of mining was necessarily somewhat unique, though 
it seemed feasible, and the cost of operation was uncertain, though appar- 
ently it should not have proved excessive. 

In valuing the estimated tonnage reserves, it was manifestly proper 
to allow for the experimental nature of the enterprise and its inherent 
uncertainties, and this was done by using the earnings method and taking 
a 20 per cent, interest rate to represent a fair return on invested capital. 

Another illustration of allowing for uncertainties is the valuation of 
coal available for strip mining in a district where this character of opera- 
tion has not become established. Even with careful prospecting it is 
difficult to determine future production costs accurately and the market 
for coal so mined is apt to be more limited and prices more variable than 
for coal recovered in the ordinary way. Moreover, estimated profits 
from strip operations are usually comparatively large, due to the wide 
margin between probable costs of production and the general market 
price for coal, a margin which is not always realized. 

Under these conditions it is frequently wise to figure such property 
valuations with an interest rate considerably higher than the 12 per cent, 
ordinarily used for operations with underground mines. 


SuiUMART AND CONCLUSIONS 

In considering the valuation of industrial properties in general, and 
of developed coal properties in particular, it is assumed as fundamental 
that they have but one true value regardless of the object for which they 
are appraised. 

As regards developed coal lands, this value is only very approximately 
indicated by the recent sale price of neighboring lands, for the reason that 
it is rarely possible to find a sale of a coal property sufficiently similar in 
essential mining conditions to the one under consideration to serve as a 
measure of its value; and if such a one is found there are frequently 
incidental conditions peculiar to this particular transaction which 
invalidate the use of the sale price as a measure of general values. 

The true measure of the value of a coal-mining operation is the amount 
and rate of earnings it will afford with intelligent and experienced manage- 
ment. Practically all of the features of a property which are generally 
recognized as affecting its value relate either to the cost of producing the 
coal, or to the price it will bring, and so are intimately associated 
with earnings. 
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In practice, it is customary to appraise those portions of a developed 
coal property which are produced by the industrj^ of man — ^mine plant, 
equipment, development, town, etc. — at their cost of replacement at pre- 
vailing prices of materials, machinery and labor, with such deductions 
for age, condition, obsolescence, and lack of usefulness- as conditions 
warrant. Surface is appraised at the estimated cost of similar land in the 
district. Coal value is the difference between the worth of the entire 
property, considered as an industrial unit and appraised on the basis of 
estimated average future earnings, and the sum of the valuations of 
plant, surface, etc., determined by the cost-of-reproduction method just 
mentioned, plus the necessary working capital. 

Appraisal by the earnings method consists essentially in determining 
the amount of capital upon which a given annual operating profit will 
afford an equitable rate of interest after paying the federal income 
or profits tax and after deduction of a sum sufficient to accumulate a 
sinking fund which will return at the completion of mining the invested 
capital less the salvage value of the property. 

The principal factors involved in this determination are: amount of 
available coal; average rate of mining; value of plant, equipment and 
surface; necessary working capital; salvage value of property at end of 
life; average operating profits; average federal tax rate; justifiable interest 
rates on invested capital, and rate of sinking fund accumulation. 

Most of these factors usually can be determined or forecast for a 
particular property without any large element of uncertainty, and of 
those which are uncertain that of average future operating profits is 
the only one of major importance. Even here the experienced appraiser 
is not without valuable guides and checks. Almost always he has for 
his guidance past records of earnings, either those of the property itself 
or of other somewhat similar ones in the district, and his familiarity with 
the property in question and general acquaintance with the coal industry 
over the period covered by these records enable him to judge whether 
they represent normal or abnormal conditions. Moreover, current 
royalty rates in the region are an index of general opinion as to future 
earnings from coal operation and are a valuable guide to the appraiser 
estimating anticipated profits. 

While it is not contended that appraisals by the earnings method 
should supplant all others, even for developed properties, and it is readily 
granted that recent sales prices of coal land and the opinions of owners 
and such interested parties should be given careful consideration, never- 
theless it is submitted that this is the most satisfactory single method 
usually available and that it is based squarely upon the fundamental 
principles of industrial valuation. 

In addition to the fact that it is as accurate as any appraisal method 
can be expected to be, involving, as all methods must, the element of 
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personal judgment and the uncertainties of the future, this one is unusu- 
ally elastic and affords a ready means of allowing for varying conditions 
such as life of property, relation between plant cost and tonnage output, 
lessee control, differences in royalty rates, and extraordinary hazards of 
operation or marketing. 

Another feature of merit in the earnings method of appraisal is that 
its results are susceptible of demonstration. Often in a report or dis- 
cussion on valuations the only support given to a statement of coal 
land value is that it is the appraiser’s opinion. While it is recognized 
that in such matters expert opinion should be deemed more or less self- 
sustaining, as it is based upon knowledge gained from many sources and 
ripened by experience and is hardly susceptible of full demonstration, 
nevertheless it is frequently advantageous to be able to show the method 
and steps by which the given result was derived, and unwarranted criti- 
cism may often be avoided thereby. 

This is particularly true in cases where a group of properties belonging 
to different owners are being appraised for a common purpose, as for a 
merger or consolidation. In such instances an owner receiving a relatively 
low unit valuation for his coal (say because of long life) as compared to 
a neighbor having coal of similar character (but a short life), may feel 
discriminated against until shown that, as far as earnings and other assumed 
factors are concerned, he has been placed on an equal footing with his 
neighbor, and that, assuming these premises, which he will probably agree 
are sound, the given values follow automatically. 

DISCUSSION 

E. T. Conner, Scranton, Pa. — I am willing to agree with Mr. Dilworth that 
where it is possible to determine a long enough base line of earnings that method 
constitutes a reasonable way of determining the value of coal properties, but it has 
been my observation that it is rather difficult to find a base line of sufficient length 
and dependability to universally use earnings as the foundation upon which to 
determine the value of a given coal property. All who have been in the business of 
mining coal can reahze what I mean by that. We may adopt an earning level that 
is first rate for last year or the year before last but is not worth anything this year. 
So we must discount that method. 

I have in mind an instance that excited considerable comment, where an enterprise 
was set up on the basis of earnings over a four-year period, which some of us might 
say was a good base line of earnings that indicated it was a reliable propositign as an 
investment. But it happened that those were four mighty good years — I mean good 
for* the coal man in that there was some real cold weather and people had to bum 
coal and were willing to pay for it. That same enterprise which was set up on a 
four-year base line of substantial earnings now is in bankruptcy; the earning line 
has pretty nearly disappeared. So I agree with Mr. Dilworth that we must take 
into consideration the history of the whole region, and not only the whole region in 
which the particular properties are located, but the whole region of competition wliich 
that coal must meet in the market. So the measuring stick which seems to me the 
safest is the one that has the longest life of application, and what is that measuring 
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stick? It is the bargaining between the owTior and the lessee, we will say, where 
coal has been mined on a lease. That bargaining has arrived at a value per ton of 
coal produced, the roj^alty value, which seems to inc to be the safest measuring stick 
to apply. 

In the State of Pennsylvania, the law requires that valuation shall be placed 
upon sales of willing buyers from willing sellers. Then the question is, what con- 
stitutes sales? If it is possible to find actual bona fide sales of average coal property, 
that is the measuring stick which must be applied by the assessor and the engineer. If 
there have not been, as often happens, sales of properties of any considerable magni- 
tude that might be so used, it seems to me that the next best method of determining 
values is the one that I have mentioned; namely, the bargaining between willing seller 
and willing buyer over a long period of years which has crystallized in royalty values. 

Having adopted such a measuring stick, the base is established, and to that 
must be applied the life expected or the number of years over which the coal in the 
property may be extracted, and then comes in the point made by the author of the 
paper. What is a lessee^s equity? 

There it is quite necessary, as Mr. Dilworth says, that the appraiser or examiner 
shall have had pretty broad experience, pretty wide knowledge of what may reasonably 
be expected by a lessee after having met his obligations under the royalty rate of 
his lease, and that judgment is really, in my opinion, the vital feature in determining 
what a coal property is worth. We have that situation in the anthracite region 
today, where we are unable to sell more than about 50 per cent, of what can be 
produced, and the same situation is facing many in bituminous mining. So a hard 
and fast rule of determ inin g values based upon earnings will have to be taken with 
large discount even where there is an earning line that extends over several years. 

C. T. Starr, Pottsville, Pa. — I would like to have Mr. Dilworth talk a little 
more on the question of the lessee’s equity. I wonder if he could tell us a little more 
about how he would handle the proposition where a lessee is leasing property, paying 
royalty for the coal and incidentally paying royalty for the use of the equipment? 
What would be the equity of the man operating such a property? 

J. B. Dilworth, — I do not know whether I can answer that very clearly or not. 
In most instances, the man who leases the plant also leases the coal. Is that the 
case in the instance you have in mind? 

C. T. Starr. — No, the man leases coal from one party and leases the equipment 
from another. What would be the equity of the man operating the property under 
such conditions? 

J. B. Dilworth. — That shows the infinite varieties of this problem. In the first 
place, presumably the plant would be leased at a fair rental; that is, the rental would 
be some equitable proportion of its value. As the rental received by the owner of 
the plant would be commensurate with the value of that plant, therefore the lessee’s 
equity would have no appraisable value. The lessee’s equity is of value, in our 
opinion, only when he is in a somewhat unique position and has a particularly favor- 
able lease. If coal is normally leasing at 10 c. per ton, and Mr. Jones leases a body of 
coal at 10 c., his equity has no appraisable value. Similarly, if he leases coal and 
plant for 26 c. and a proportion of that goes to the owner of the plant as a fair return, 
I should say again that there is no equity value. If, however, by some reason of 
changed circumstances, a fair rental for the coal and plant is 30 c. per ton, and he was 
given the privilege of using that plant and mining the coal for 15 c. per ton, of course 
there would be a valuable equity and it would be appraised by taldng the difference 
between the two rentals. If he has a margin of 15 c., theoretically he would be able to 
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turn around and lease to some one else for 30 c., and there would accrue to him 15 c. 
per ton for having the privilege of this lease. Therefore that 15 c. per ton multiplied 
by the annual tonnage and capitalized by the life of the lease would give the value of 
the lessee’s equity. 

S. A. Taylor, Pittsburgh, Pa. — Probably 15 or 20 years ago this very question 
was asked me by the judge in. a case of damages, and I replied by saying, have 
given it a great deal of thought but have never come to an exact conclusion. My 
judgment is that the value of the leasehold of the property is worth from one-fifth to 
one-tenth of the value of the profit he could make on it.” (This was quietly talking 
to the judge when he told the jury not to listen.) He said, What does that mean?” 
I said, “ In this case, I think the man could make 20 c. per ton. I am sure if you would 
allow him 2 c. per ton for the value of this lease it would be equitable, and I would not 
object to giving him 4 c.” He said, “What would it amount to at 2 c. per ton?” I 
figured it out and he charged the jury to bring in a verdict for that amount. 

I have repeatedly tried to work it out, and I believe that one-fifth of the profit that 
can be made is the value of the lease to the lessee. The royalty paid by the lessee 
is not the value of the lease to him. That is the value of the lease to the lessor. When 
the lessee puts his money, his skill and knowledge into developing the property, that 
lease has an increased value, and I believe one-fifth of the profit that can be made 
from that lease would be a fair allowance. 

A short time ago I had a case on which I used one-fifth. Fortunately for the 
parties, I bad taken the profit made in the whole district and on the particular mine 
for five years. I found that it was practically 30 c. per ton, so I gave 'the value of 6 
c. per ton to that leasehold. It happened that the lease was taken at a price 5 c. below 
the regular royalty rates in that field. I did not know that, but it was confirmed by 
another engineer. Taken over the period of the life of the mine, our figures were 
almost identical; one was $200,000 and the other $210,000 as the valuation of the lease. 

It is a matter of judgment, of course, but I am satisfied that in any case the man 
ought to have at least 10 per cent, of the profits that can be made over a period of 
years as a value of the leasehold to him after he puts his money in improvements and 
his brains and experience in the operation of the mine. 

J. A. Garcia, Chicago, III. — ^After a number of years’ experience in appraisal 
work, I believe that the appraisal value or replacement or reduplication cost of a mine 
has very little to do with the true worth. The author has expressed my ideas very 
definitely in saying: “ The true measure of the value of an industrial enterprise, such as 
a coal-mining operation, conducted solely for profit and without regard to sentiment 
or personal enjoyment, is the amount and rate of earnings it will afford with intelligent 
and experienced management.” That amply covers the whole case in my judgment. 

I have appraisals in mind, where the duplication costs went to several million 
dollars but the properties never have made and never will make a dollar. There is 
practically no relation in most instances between the physical appraisal value or the 
replacement cost of a mine and its actual worth as a business proposition. 

J. Keely. — Does Mr. Dilworth consider gross earnings? 

J. B. Dilworth. — What do you mean by gross earnings? 

J. Keelt. — There might be a good many unusual expenses and deductions in 
one connection that might be taken up in a merger or something of the kind and done 
away with; then you would resort to gross earnings, would you not? 

J. B. Dilworth. — ^You would, if by that you mean deductions for Federal taxes 
and interest and so forth; if you mean by gross earnings the consideration of those 
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elements — ^in other words, the difference between the average selling price and the 
average mining cost. 

J. Keelt- — That explains it fully. 

J. B. Dilworth. — Those are left out because of those three or four factors that 
enter into these calculations. 

J. Keely. — Other things might affect it also. 

H. Louis, Newcastle-on-Tyne, Eng. (written discussion). — Mr. Dilworth has 
selected for discussion the simplest type of mineral valuation — ^that of a going colliery 
— ^thus avoiding what I look upon as the most difficult aspects of the question; namel}" 
those of deferment. I am in general agreement with his method of treating the 
subject and hold with him that the only correct method of valuing such a property is to 
calculate the present value of the probable annual profit over the estimated life of the 
property, I emphatically agree with him that there is only one true value of a given 
property at a given time, but, as I have pointed out in my book on mineral valuation, 
this true value can only form the basis of negotiation between the seller and purchaser 
of such a property, the actual price given depending on whether the former or the 
latter needs the property most urgently, or upon which of the two is in the most 
need of money. The price of a property, therefore, is related to its value but not 
absolutely fixed thereby. Where I disagree with Mr. Dilworth is in the positive nature 
of his statements; thus, in the examples given, he assumes a total recoverable tonnage, 
an average operating profit per ton, etc.; strictly speaking these figures represent not 
the actual tonnage or profit but the calculated most probable tonnage or profit — 
that is to say, a figure which, on the data before the valuer, is likely to be nearer the 
true figures than any others that can be named. As I have pointed out in my book, 
such figures, being the most probable figures, are necessarily affected by a probable 
error, and in any complete calculation the Laws of Probability must be considered, in 
order to determine probable maxima and minima and thus to enable the valuer to 
see within what limits deviation from his calculated value is permissible. Personally, 
I doubt whether the Federal tax on earnings should be applied to the assumed annual 
profit, because, if I understand the position correctly, such a tax would be deducted 
from any earnings of any kind whatever and not merely from earnings of coUienes. 
This at any rate is the position in Britain, and if the same is true of the United States, 
I should not consider the Federal tax as affecting the profit; but, on the other hand, I 
should consider it as necessarily affecting the accumulative or gilt-edged rate at which 
the sinking fund is assumed to be invested. If a tax of 8 per cent, is payable on such 
investments, it is obvious that the sinking fund cannot accumulate at 6 per cent., but 
only at 5.52 per cent., and the fact that the valuer has not a 5.52 per cent, sinking 
fund table at his disposal is no excuse for using an incorrect rate; the calculation is 
a simple one. There are one or two interesting points that arise on such a problem, 
on which opinions are likely to differ; one of these is the method of dealing with working 
capital. Mr. Dilworth looks upon this as part of the total capital upon which interest 
is to be earned at the higher rate properly demanded for money invested in a specula- 
tive enterprise, or what I have called a risk rate, and I know many valuers who share 
this view. On the other hand, it may fairly be argued that if the working capital 
remains as flowing capital during the life of the mine, it is never exposed to risk of 
loss in the same way as money invested in shaft sinking, development, etc., and 
should, therefore, only be held to earn interest at the accumulative rate. I have no 
doubt, however, that this is a point upon which opinions will be divided. 

Another point on which opinions differ is the proper method of dealing with devel- 
opment. My own method is to charge all developments until economic production 
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commences to capital; after this, the cost of development work is debited to a special 
development account, the account being credited with a payment of so much per ton 
of coal developed by the works in question, chargeable vrhen the coal is actually won ; 
in this way the cost of all such development becomes a portion of the cost per ton of 
coal winning. This is only one of several methods in current use. I agree with Mr. 
Dilworth that it is generally possible to obtain checks on a valuation from other 
considerations but that the true value is necessarily the capitalized present value of 
future earnings. I have usually found fairty close agreement among valuers as to the 
probable amount of coal in the ground, and even as to the probable future earnings per 
ton, the widest differences of opinion occurring usually on the question of what is the 
proper rate of risk interest to allow'. 



Requirements for Complete Face Mechanization 
in Coal Mining 

By R. Y. Williams,* Pottsville, Pa, 

(Philadelphia Meeting, April, 192S) 

In the United States, fully 98 per cent, of the anthracite and bitu- 
minous coal tonnage obtained from underground operations is mined by 
the room-and-pillar system. Under this system, the total cost of the 
coal f. o. b. railroad cars contains as its greatest single item the money 
paid for “labor.” Each labor dollar in an average bituminous mine may 
be subdivided into 85 c. paid for work done inby the gathering turnouts 
(including all work at the face), and 15 c. outby that point (including all 
work in and under the tipple). In an average anthracite mine, the cor- 
responding figures are 70 c. and 30 e., the larger breaker force accounting 
mainly for the difference between these and the bituminous figures. 

The next largest single item after “labor” is usually “supplies and 
power;” and a division of this item inby and outby the gathering turn- 
outs shows somewhat the same relative proportions as has been noted 
under the case of “labor”. 

During the past 10 years, the chief advances made in the coal indus- 
try have been to obtain economies through complete mechanization 
covering that portion of the work which lies outby the gathering turn- 
outs. These results have been accomplished by applsdng scientific 
principles to railroad yard layout, to cleaning and sizing machinery, to 
dumping facilities, to roller-bearing haulage equipment, and to heavy- 
rail, well-ballasted trackage. But these improvements, while gratifying 
in their resulting economies, apply only to 15 to 30 per cent, of the 
important cost items. 

Obviously, then, the big problem before the engineers of the coal 
industry today has to do with the methods of minung and the layout 
inby the gathering turnouts. 

Four years ago, Weston Dodson & Co., Inc., determined to have an 
exhaustive study made of the conditions which must be met in order to 
gain complete face mechanization, and in order that such a mining layout 
would be based on correct underlying principles. The result of that 
study, which was made by the writer, led to the adoption of a method 
of longwall mining wherein the roof is worked on the caving system and 
is supported as an overhang along the face by steel jacks. 
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It is believed that some of the engineers who are vitally concerned 
with the task of mechanizing the basic face operations of coal mining will 
find interest in knowing the underlying reasoning on which we developed 
this method, particularly in view of the fact that we believe this method 
to be applicable to a wide range of mining conditions. Consequently 
this paper is presented under the following five main headings: 

A. Analysis of room-and-pillar method. 

B. Ssmthesis: the perfect longwall face. 

C. Observations on previous longwall trials. 

D. Basic principles of roof control. 

E. Results from use of steel jacks. 

A. Analysis op Room-and-pillar Method 

The first step in our study was to make a careful analysis of the 
room-and-pillar method which is in such universal use in this country 
and which has over 100 years of history back of its development. The 
results of this analysis are set forth in the following seven subheads. 

1. Supervision and Inspection 

It would be interesting to have definite knowledge of the average 
number of working places in flat room-and-pillar mines where trackage,, 
timbering, ventilation, etc., must be maintained at all times to provide 
means for obtaining a particular production. From partial data at, 
hand, the number of places per 100 tons output per day varies greatly in 
different mines, but averages around 20 working places. A mine pro- 
ducing 1000 tons per day would therefore require 200 rooms. 

According to the mine law in many states, aU working places must 
be inspected by the foreman or one of his assistants at least twice per 
day during the time the miners are or should be at work. In gaseous; 
mines the law requires an additional inspection prior to the time the 
miners enter their working faces. These pieces of legislation were 
enacted to help bring about safety; yet there are in addition a great many 
questions of procedure, cost, economy, etc., which should receive careful, 
supervision .to make mining successful. 

Under room-and-piUar mining, the average daily inspection of work- 
ing places consists of two 5-min. visits per face on the part of the foreman 
or one of his assistants. The supervisor is compelled because of the 
layout of the work to spend the greater part of his day in moving from 
place to place, with the result that an average working face has inspec- 
tion during only 2.1 per cent, of the dayshift. 

2. Ventilation 

In order to provide for the safety and physical well-being: of the 
miners, it is necessary to provide ample ventilation at the working places. 



K. T. WILLIAMS 


239 


Good ventilation at the face maintains an atmosphere of normal oxygen 
content, carries off the products of combustion after shot-firing, and 
dilutes otherwise dangerous gases exuding from the strata. 

With a good fan, it is an easy task to ventilate a dozen working faces; 
two dozen faces, though somewhat more difficult, can be easily arranged ; 
but in the case of 200 separate and scattered faces for each 1000 tons of 
daily production, the problem of ventilation becomes a real one. Over- 
casts, doors, stoppings, regulators, brattices and curtains must be 
installed properly to course the air throughout the mine. All of these 
installations leak air, and, as the number of them gets greater and greater, 
the leakage becomes so enormous that the efficiency of the ventilation 
{i. e., the percentage of the total entering air which reaches the faces) 
is low. 

In room-and-pillar mines, there is no record of normal ventilation 
ever having blown off the hat of any miner working at the face; actually, 
it is difficult even in the best ventilated mines to “feel” any motion what- 
ever in the air at the working faces. Yet in those same mines the 
return to the fan may be traveling at a speed of 15 miles or more 
per hour; and in this connection, it should be remembered that the horse- 
power on the air varies as the cube of the velocity. 

The room-and-pillar method, therefore, presents a complicated 
problem in the matter of ventilation; the efficiency of the fan is low, in 
that only a small portion of the air entering the fan ever reaches any 
working face in the mine; the installation of fan, stoppings, doors, etc., 
is high and is costly to maintain; and the operating cost for power is as 
high as the efficiency is low. 


3. Development 

The opening of an area in a mine for room-and-piliar mining con- 
sists usually in driving main haulage roads and air courses, secondary 
haulage roads and air courses from which rooms are turned, diagonal 
haulage roads between headings wherever required, crosscuts every 
say 60 ft. between headings and air courses for ventilation, room necks on 
say 45-ft. centers and 30 ft. 'deep along the secondary haulage roads, and 
break-throughs every 60 ft. between rooms to connect them for venti- 
lation. All of this opening work is called “Development,” and in 
practically all mines carries yardage rates which make the cost of devel- 
opment coal higher than the cost of room coal. In first mining, or in 
advance work, the percentage of the daily production from develop- 
ment work is 45, and from rooms proper is 55. If pillars are later robbed, 
and if the recovery is complete, the coal for a given area will be produced 
in the proportion, 25 per cent, from development and 76 per cent, from 
a combination of both room advance and pillar mining. 
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The reason for this added yardage rate (except in mines where the 
depth of roof or floor cut for height varies as between opening work and 
room work) is mainly due to the fact that development work is driven 
narrow, usually 9 to 12 ft., whereas rooms are driven wide, usually 18 
to 24 ft. ; and the money set up in the yardage rate is to compensate the 
development miner for the additional difficulty he must meet in winning 
only half as much coal between his two tight ribs as the room miner wins. 
In any mine where, say, $2 per yd. is paid in development work over 
room work, the foreman, if you asked him, would say he paid no yardage 
in rooms. In one sense that answer would be misleading because the 
two tight corners in a room are exactly as tight as the two in a heading. 
What has happened in this case is that the work of the miner in cleaning 
out the two tight ribs of a room is included in the tonnage rate, and 
actually the yardage rate of $2 in the heading is only part of the pay- 
ment for tight coal, and represents the additional amount left over after 
the tonnage rate is paid. Shearing machines tend to equalize the actual 
loading cost per ton in rooms and headings; and, clearly in this case, the 
“yardage” {i. e., shearing machine cost) in rooms is just half the “yard- 
age” cost per ton in headings. 

The room-and-pillar system, therefore, in the matter of development 
divides face work up into a great number of places, requires a rather 
large proportion of very narrow work on which yardage is paid, and 
actually can offer no face without tight comers. An honest analysis 
indicates that all mining under this system is narrow work. 


4. Efficiency of Machine Performance 

Stop-watch studies of average undercutting performance in room- 
and-piUar mines indicate an efficiency of only 20 per cent.; i. e., the 
time spent in actual cutting is 20 per cent, of the operating shift; the 
balance, or 80 per cent, of the shift, is taken up in sliding the machine 
back from the face, in loading it on to the transfer truck, in transporting 
it to the next place to be cut, in unloading it from the transfer truck, in 
sliding it along the floor to one rib of the room, and in sumping it into the 
new face. Actually the two men known as the cutter and the scraper 
work harder during the 80 per cent, of the time when the machine is not 
cutting than they do during the 20 per cent, of the time when the machine 
is doing the task for which it was designed. 

Concentration of working faces, improvement in transfer truck 
design, widening the room faces to the maximum the roof will permit, 
and perfect coordination of the work may show a percentage as high as 
33 per cent. Surely any method of mining which at best can afford for 
undercutting inachihery the opportunity to perform useful work during 
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only one-third of one shift per day, and then only in relatively flat beds 
of coal, cannot be the proper vehicle for complete mechanization. 

Similar studies of average loading machine operations indicate an 
equally low percentage of performance; and in many cases the efficiency 
of the loading machine is still lower than that of the undercutting machine 
because of delay in spotting mine cars back of the loader. Inasmuch 
as most of the loading machine installations have been made in relatively 
thick coals, the machines have been able to show a profit; and tem- 
porary satisfaction with this partial profit has somewhat deadened 
the urge for condemning a method of low efficiency. 

Gathering haulage equipment is also handicapped in the matter of 
performance. An elaborate network of tracks must be installed and 
maintained between the inby gathering partings and the 200 working 
faces per 11)00 tons of daily production. Also a large number of haulage 
motors (or mules) and cars must be provided to make possible the “spot- 
ting” one at a time of three to six empty mine cars daily at each face 
and the gathering of these cars one at a time when loaded. This means 
1200 to 2400 car-spotting operations per 1000 tons of daily production. 
Derailments, waiting for empties, and waiting for loads to be pulled, 
tend to reduce the loading capacity of the miners. In general, the 
gathering haulage problem is a complicated one, is beset with delays, 
and results each day in low round-trips per mine car and in low tonnages 
hauled per locomotive. 

It will be found that all machinery designed for work at the face 
shows a low efficiency of performance under the room-and-pillar method 
because of the scattered nature of the mine layout. 

5. Recovery in Tons per Foot-acre 

Varying with the specific gravity of the coal, the total in-place 
tonnage of any bed averages 1800 to 2000 net tons per foot-acre. The 
lower figure might be considered as applicable to bituminous and the 
higher to anthracite coals. 

The efficiency of any mining method in obtaining all of this in-place 
tonnage has a direct bearing on the cost per ton for such items as the 
original cost of the property, the cost of the installed plant, the total 
cost of development, and a large share of the cost of equipment. Charges 
to cover these items are usually set up in the cost statement as (a) “fixed 
charges” for depletion, depreciation, amortization, etc., and (5) devel- 
opment costs; and these charges vary inversely as the efficiency of the 
method of mining. 

The “fixed charges” are determined by the accounting department 
on the basis of the total tonnage in the property reduced by the expected 
inefficiency of the mining method, and are usually so definitely “fixed” 
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that a superintendent who increases the efficiency of the mining method 
can see no advantage thereof except in the reduction of development costs. 

To illustrate the importance of high efficiency of recovery in the 
mining method : Let us assume that the proper charges for these items 
of property, plant, development, and equipment would be fl per ton 
under 100 per cent, recovery. If the actual recovery under the mining 
method were only 70 per cent., the $1 divided by 70 per cent, would be 
$1.43 per ton. Forty-three cents per ton is a tremendous loss, due solely 
to the inefficiency of the mining method. 

The results of room-and-pillar mining throughout the United States 
indicate that recovery is seldom complete and that never can all of the 
coal be recovered mechanically. Entire states, like Illinois, produce 
only 60 per cent, of the original bed content; the steeply pitching beds 
of the Southern anthracite probably do not exceed 60 per cent.; and 
even in those fields where a high recovery is obtained, the cost of the last 
tons is high because “pick rate” must be paid, additional timber must be 
set, and the roof proves difficult to control. 

6. Quality of the Product 

There are two kinds of quality which are affected by the mining 
method; namely, (a) size and (6) purity. 

(a) Size . — ^In the room-and-pillar method, with 200 faces per 1000 
tons daily production, each face that is to be worked on any particular 
day presents its coal locked in by floor, roof, back, and two ribs — ^five out 
of the six sides are tight. It is the general practice in bituminous mines, 
but is seldom done in anthracite rooms, to undercut, middlecut, or over- 
cut the face before shooting. This reduces the number of tight sides 
to four; but as has been previously noted the operation of the undercut- 
ting machine is inefficient in that it cannot work continuously. In a few 
soft-coal mines, machines are used to shear the coal on the two ribs in 
addition to undercutting. This reduces the number of tight sides to two; 
but here again a machine is introduced which operates under the same low 
efficiency as the undercutting machine because it cannot work continu- 
ously, and in addition it makes slack of the shearings. In general, then, 
the room-and-pillar method presents its coal in a multitude of places, 
each place being narrow and having the coal locked in on four or five sides. 

The universal method for unlocking this tightly held coal is to use 
explosives. Theoretically, the quantity of explosive required per ton of 
production depends solely on the tightness of this “lock.’ ’ But the miner 
is far more interested in the quantity than he is in the quality of his pro- 
duction, and he tends invariably to use more explosive than actually 
needed. Many companies have made exhaustive tests to determine the 
best methods for shooting the face, featuring in their studies such ques- 
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tions as : depth and angle of each hole, placement and sequence of firing 
of the several holes, kind and weight of explosive per hole, kind and char- 
acter of tamping, etc. All of these studies are for the purpose of obtain- 
ing the maximum lump coal; but of what avail is it to know the intricate 
details of the best possible method of using explosives if, through ineffi- 
cient supervision, it is almost impossible to get miners to follow it ? 

In the anthracite the difference between the values of prepared and 
junior sizes is about |6 per ton; and in the bituminous the difference 
between the values of lump and slack is about §1.50 per ton. As impor- 
tant as these values show the size of product to be, the room-and-pillar 
method cannot hope to afford a means for the highest possible lump per- 
centage because the coal is locked so tightly in narrow working places, 
and because the lack of close supervision permits the largely uncurbed 
use of explosives. 

(b) Purity . — The room-and-pillar method (except in the steeply pitch- 
ing beds of the Southern Pennsylvania anthracite) is founded on the 
principle that clean coal will be produced in each working face by each 
miner. This is so firmly believed that many officials would refuse even 
to consider the installation of loading machines because (as they say) all 
the impurities in the bed would then be loaded with the coal into the 
mine car. 

Let us analyze this matter to determine the actual facts. In one-bed 
mines, or in a particular bed of multi-bed mines, it is the usual custom to 
pay the room miner a definite rate per ton or per car for the coal which he 
loads. If a foreman, who might be in the act of disciplining a miner for 
loading dirty coal, were asked how much he paid a miner for cleaning 
and gobbing any impurities found within or above the bed, he would 
reply, “Nothing: the miner according to contract is supposed to load 
clean coal.” 

The first word of this foreman’s answer is wrong. While it is true 
that he pa3rs nothing in addition to the tonnage or car rate, that same 
rate includes aU work performed by the miner in producing coal; such as, 
cleaning the coal, gobbing of normal draw slate, timbering, drilling, 
shooting, loading, lajdng track, illuminating the face, waiting for 
cars, etc. The only way to determine the proportion of the mining rate 
applicable to any of these various duties of the miner is by studying them 
with a stop watch. Such a study would show that in some beds the 
actual cost of cleaning at the face is high, and in addition aU the impuri- 
ties which the miner carelessly or willfully loads with the coal is paid for 
as coal. 

The balance of the foreman’s answer is correct in that the coal indus- 
try has in the past always followed the practice of paying the high-priced 
miners for cleaning the coal in the dark at the face instead of paying 
slate-pickers less hours at half the wage rate to clean the coal under 
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daylight conditions on the surface. That the attempt to depend solely 
on the miners for the purity of the coal shipped to market has not suc- 
ceeded in practice is proved by the increasing use of slate-pickcrs to 
remove the slate -which the miners load -with the coal. 

On the basis of hand-cleaning, it would be cheaper to clean solely 
in the preparation building rather than to attempt to clean in the many 
underground working places, 'provided, the rate paid the miner per ton or 
per car could be reduced in the exact proportion shown by the results 
of the stop-watch study of his actmties. If this is true for hand- 
cleaning, the savings under mechanical cleaning would be large and would 
offer the further advantage of uniformity of product. 

Therefore, the room-and-pillar method must be considered inefficient 
in the matter of purity of product, because : the miners, who receive the 
highest wages of any class of workmen at the mine, are paid to produce 
clean coal; these miners, on account of lack of supervision, load impurities 
and are paid therefor equal or higher rates than they are paid for coal; 
and, because of the failure of this system, additional cleaning facilities 
must be provided in the tipple or breaker. 

7. Class of Worlt 

There are three methods of paying miners for work accomplished; 

(a) by piece work, (6) by day labor, and (c) by task work. 

(a) By Piece Work . — Under this method, tons are weighed, cars are 
counted, or yards are measured. This method is hked by the ambitious 
miner; but is provocative of high cost because (1) the piece work rate is 
apt to be based on a li-ving wage for the poorest worker; (2) the tendency 
of the Union seems to have been to curtail the production of the best 
miners; (3) supervision is usually so poor that little instruction can be 
given to the poor workman, who, when he fails, claims make-up wages; 
and (4) any improvement to assist the efficiency of the miner, such as 
shearing the ribs, blasting with shotfirers, etc., is paid for entirely by the 
company, the previous contract rates remaining despite the reduction in 
the work of the contractor. 

(b) By Day Labor . — ^Under this method, shifts are paid for on the 
basis of hours worked and without regard to accomplishment. This 
method is liked by the loafer who makes an easy job of it because of the 
lack of supervision. It is not liked by the ambitious miner who wiU not 
long continue efficient when he sees about him inefficient men drawing 
pay equal to his own. 

(c) By Task Work . — ^Under this method, tons, yards, cars, hours and 
all items of work are assembled as data to determine the average num- 
ber of honest man-days required to perform a daily group task. When 
the daily task is completed, each member of the group receives his 
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share of the total pay without regard to the particular tonnage loaded, 
the hours worked, etc. Of course, this task work requires continuous 
supervision; but when supervision is continuous it can fulfill its major 
function of service to the group rather than of mere criticism of the 
individual. This method of paying for work at the face seems very 
popular with the men, who like to work in groups and who give valuable 
assistance to supervision in recommending good workmen for their 
group and in preventing absenteeism. 

The room-and-pillar method almost universally uses piece work as 
the basis of paying for work at the face; it uses day labor for paying for 
work outby the face; but it is preempted from the possibility of using 
the task work basis because of the tremendously scattered character 
of the mining layout. 


Summary 

Our analysis of the room-and-pillar method has shown: that it is 
woefully weak in the matter of supervision; that it is difficult to venti- 
late; that it requires heavy development expenditure; that it is unsuited 
for the introduction of machinery for cutting, for loading, and for gath- 
ering haulage; that it does not afford an opportunity for the economic 
recovery of the total coal in the bed; that the quality of the coal produced 
is apt to be poor both as to size and purity; and that the working condi- 
tions are such as to require high rates for low performance. 

B. Synthesis: the Perfect Longwall Face 

Because of the defects found to exist in all room-and-pillar methods, 
many experiments in lengthening the faces have been made with greatly 
varying and often indifferent results. The main criticism which can be 
made of these experiments is that most of them lack any careful con- 
sideration of the, goal toward which they are aiming. Should not this 
goal be definitely visualized before any experimentation is started, and 
should not there be postulated a perfect longwall face before money is 
spent to determine whether or not perfection is possible? Inasmuch 
as we believed our goal should be definitely visualized, we determined 
as the second step in our study to build up by synthesis a theoretical 
longwall which would fulfill ideally the requirements of complete face 
mechanization, and then to test this longwall by the same kind of analy- 
sis as we applied to the room-and-pillar. 

All considerations of perfection in the longwall method of mining 
point to the following requirements of each face :• 

First Reguirement . — ^Bach face must be just long enough for an 
undercutting machine operating continuously to cut it in one shift of 8 
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hr. This length would vary from 300 to 500 ft., depending on the 
severity of the cutting. 

Second Requirement . — Each face must be capable of being undercut 
to just such a depth that a loading machine operating continuously can 
load the coal in one shift of 8 hr. Such a cut will average 6)4 feet. 

Third Requirement . — ^Each face must be capable of being held open 
back from the face for a width sufficient to accommodate the roof-control 
mechanism, to permit the operation of the cutting machine, and to 
provide space for a conveyor of such capacity as will convey all the 
coal from the face to trains of mine cars in one shift of 8 hr. The width 
of this space back from the face will average 10^ feet. 

Fourth Requirement . — ^Eaeh face must be capable of having the mech- 
anism of roof-control completed daily in one shift of 8 hr., but must also 
be capable of standing indefinitely without requiring attention during 
an idle period. 

A perfect longwall face, such as described above, would be capable 
of performing one complete cycle every working day of 24 hr., and 
would permit the carrying out of three major operations, namely, load- 
ing, cutting and roof-control, and drilling and shooting, on separate 
shifts of 8 hr. each. 

An anal3d;ical test of the efficiency of such longwall mining is given 
in the following comparison with room-and-pillar. 

1. Supervision and Inspection 

Instead of having a method which like the room-and-pillar requires 
on the average the maintenance of 200 rooms for a daily production of 
1000 tons, the perfect longwall would require on the average only three 
faces. Instead, therefore, of inspection being only 10 min. per 8-hr. 
shift as under room-and-pillar, there would be continuous inspection 
under longwall. 

2. Ventilation 

In the matter of ventilation, the longwall method shows the same 
simplification over room-and-pillar as has been noted in the matter of 
supervision. In an actual case, the design of the fan to ventilate room- 
and-pillar workings in a particular mine called for a 225-hp. motor, 
whereas the design of the fan to ventilate an area of longwall workings 
to yield the same toimage called for only a 25-hp. motor, and the quantity 
of air sweeping the longwall faces was estimated as four times greater 
than that sweeping the room-and-pillar faces. 

3. Development 

As will be noted later in this paper, it is our recommendation that all 
haulage roads for longwall mi n ing be maintained by means of solid ribs 
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of coal rather than by means of pack walls in the gob. It is therefore 
necessary to drive main haulage roads and air courseSj secondary haulage 
roads and air courses, and the necessary diagonals and crosscuts in 
much the same manner as has been the practice under room-and-pillar. 
However, there are two points which show greatly to the advantage of 
longwall over room-and-pillar in this matter of development: (a) Under 
longwall, the proportion of total production coming from narrow head- 
ings and air courses varies from 6 to 12 per cent., whereas under room- 
and-pillar the corresponding proportion varies from 25 to 45 per cent, 
and (b) under longwall, the remaining 88 to 94 per cent, of the production 
comes from faces 300 to 500 ft. long without any rib anywhere, whereas 
under room-and-pillar the remaining 55 to 75 per cent, comes from still 
very narrow room faces (usually not over 24 ft.) and each face locked in 
by two ribs. 

4. Efficiency of Machine Performance 

Whereas room-and-pillar has shown an average of 20 per cent, and 
a maximum of 33 per cent, as its efficiency in providing continuous 
operating opportunities for cutting, loading and haulage machinery, 
the perfect longwall face should offer over 80 per cent, efficiency. In 
other words, longwall should for the same operating cost produce three 
times the output per machine. Or, as a corollary, complete mechaniza- 
tion covering cutting, loading and gathering haulage, could be installed 
under longwall for one-third the cost of that under room-and-pillar for a 
given tonnage. 

5. Recovery in Tons per Foot- Acre 

The longwall method permits the complete recovery of aU the coal 
desired from any bed. In this respect it is superior to the room-and-pillar 
method which seldom obtains complete recovery, and then only at a high 
cost for the "last” tons. Therefore, under longwall the cost per ton 
for fixed charges and development will in general be much lower than 
under room-and-pillar because of this ability to recover all the coal. 

6. Qmlity of the Product 

(a) Size . — ^Under longwall, the long faces which contain 88 to 94 
per cent, of the coal for market present that coal locked in on only three 
sides — ^floor, back and roof — ^as compared with the five sides of room- 
and-pillar. Furthermore, these three sides can be reduced to two sides 
by a cutting machine which is able to work continuously and therefore 
efficiently. The long faces, 300 to 500 ft. long, with the coal undercut, 
overcut, or middle-cut, present the coal in an ideal form for blasting with 
the miniTmuin of explosives. The absence of any necessity for heavy rib 
shots to clean out tight comers greatly reduces the breakage caused by 
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explosives. It is believed that in a great many coals, long faces without 
ribs would permit the use of a hydraulic cartridge or some similar 
mechanism which would entirely dispense with powder. And because 
supervision under longwall is efficient, whatever procedure in blasting 
may have been shown by test to be best adapted to the production of 
lump on any face may be assured of being used in practice. Thus it 
appears that longwaU offers the best possible opportunity to obtain the 
maximum of prepared over junior sizes in the anthracite and lump over 
slack in the bituminous coals. Actual recent results have shown in 
anthracite that the machine cuttings alone contain 50 per cent, prepared, 
and that the balance of the coal shows much higher prepared than in 
room-and-pillar; and in bituminous there has been at one mine an appre- 
ciation in the value of the product of 22 c. due to an increase of 14% per 
cent, in the proportion of lump over the former room-and-pillar. 

(6) Purity . — It is difficult to make a general statement to cover the 
results that may be expected from complete mechanical longwall in 
the matter of purity. Each mine must be studied as a separate unit to 
determine the effect upon it of the introduction of mechanical longwall. 

Mention has previously been made of officials who refused even to 
consider the installation of loading machines because, as they said, “AU 
the impurities would then be loaded out with the coal.” As a matter of 
fact, one of these officials was a superintendent operating a mine in the 
Pittsburgh bed which because of its great extent and high quality is one 
of the greatest producers in the United States. Actually this superin- 
tendent was wrong in his reasoning for refusing to consider a loading 
machine. At his mine the coal was 6 ft. thick and carried two sources 
of impurities; (a) two "bearing in bands” which occupied a 4-in. space 
20 in. above the floor, and (p) draw slate which averaged 10 in. in thick- 
ness, which lay immediately above the coal, and which came with the coal 
during blasting. Tests on long faces under identical conditions have 
shown the economical possibflity of removing these sources of impurities 
mechanically at the face, (a) by middle-cutting the “bearing in bands” 
at a cost of 2 c. per ton of production, and (6) by forepoling the draw 
slate at a cost less than the cost of letting it come with the coal. These 
results show that in this particular mine, which is important in that it 
represents many like mines, longwall presents a great advantage over 
room-and-pillar in that it provides a means for sending from the face 
absolutely clean coal requiring no preparation in the tipple other than 
sizing; and the entire operation is mechanized. 

It is freely admitted that not all beds are capable of being completely 
cleaned mechanically on long faces. However, it has been previously 
pointed out under the room-and-pillar method (a) that cleaning at the 
face is expensive because of the high rates paid to miners, (b) that miners 
do not load clean coal, necessitating both paying the high nniniTig rate 
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on the tonnage of refuse loaded and paying slate-pickers for removing the 
impurities at the tipple, and (c) that mechanical cleaning is required to 
replace slatepickers in order to prepare a product for critical markets. 
Therefore it seems possible to state that a consideration of all the facts 
in the case does not admit that the question of purity of product can be 
used as an argument against the introduction of the longwall method. 

7 . Class of Work 

Long faces completely equipped with cutting, drilling, loading and 
conveying machinery, all working continuously and efficiently, offer an 
ideal setting for the task-work system of paying for the work done. Our 
experience indicates that workmen like laboring in groups, do best when 
their task is definitely arranged and placed before them, appreciate 
supervision when they see it is helpful rather than critical, enjoy the fact 
that longwall faces are electrically lighted throughout, and by experience 
eventually come to an appreciation of the greater safety from roof falls 
and from mine-car accidents. 


Summary 

Our analysis of this postulated perfect longwall method has shown 
that, if we can devise a means of roof-control which can in one shift 
so handle the roof as to permit the operation of a face of defirute length 
and depth of undercut, the advantages over the room-and-pillar method 
will be tremendous. These advantages are: continuous inspection; 
adequate and economic ventilation; low development costs; opportunity 
for the efficient use of cutting, loading and gathering haulage equipment; 
total coal recovery; excellent quality as to size and purity of produc- 
tion; and improved working conditions under reasonable rates and 
high performance. 

C. Obsebvations on Pbeviotjs Longwall Trials 

In order to gain the advantages which attached to our theoretically 
perfect longwall, it was necessary to find or develop an adequate method 
of roof-control. Consequently the third step in our study to obtain 
complete face mechanization was an investigation of the then existing 
attempts to operate Tong faces in the coal fields of the eastern part of 
the United States. This investigation consisted of personal under- 
groimd visits, occupied a period of several months, and was as keenly 
interested in failures as it was in successes of roof-control methods. 

In this paper, no description of the mining layout or the mechanical 
equipment used at the visited mines will be given; first, because that 
would' be a duplication of the very able work of G. B. Southward, whose 
valuable reports are appearing in the current issues of the Mining Congress 
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Journal; and, second, because our study was not particularly concerned 
with either the layout or the equipment, inasmuch as we had postulated 
a perfect longwall layout with definite dimensions as to length of face, 
depth of cut, and width to be kept open for the cutting, the loading, and 
the conveying machinery. The sole and vital interest of our study was 
to find or develop a method of roof-control which would permit us to put 
into practice our theoretically perfect faces. 

Consequently our findings in that investigation will be given in this 
paper merely as general observations in the matter of roof-control. 

1. Pack-wall versus Caving Systems 

There are two methods of longwall roof-control, known as (a) pack- 
walls and (5) caving systems. 

(a) Pack-walls . — This method consists in using stone obtained from 
the bed, the roof, the floor, or brought into the mine from the surface, 
in order to build walls along and close to the face leaving open along the 
face a narrow space in which the miners work. In longwall advancing, 
additional walls in pairs are built at approximately right angles to the 
face and on about 30-ft. centers to act as artificial ribs to hold open haul- 
age roads leading back from the face through the gob. 

The advantages of this method of roof-control are: no explosives 
are required, because the settling of the roof breaks down the coal; 
the resulting product is of good size; all the coal in tons per foot-acre is 
recovered; damage to the surface is minimized; and in the longwall 
advancing there is no development required. However, the disadvan- 
tages which more than offset these advantages are: most of the work of 
securing the material for the pack-walls and all of the tedious work in 
building these walls must be done by hand and caimot be done by 
machines; it is usually adaptable only to thin beds; it operates best only 
under particular kinds of shale roof; the width which can be kept open 
between the face and the walls is so small as barely to accommodate the 
undercutting machine; because of this lack of width it is difficult to use a 
conveyor and still more difficult to use a loading machine; the maximum 
depth of undercut is small, not over 3 to 4 ft. ; the tonnage per day per 
foot of face is small; the labor cost per ton is high; and there is a large 
item of cost in keeping the haulageways “brushed,” in order that as the 
roof settles the roads may be kept open for the passage of ears. 

Although the pack-wall method is in almost universal use abroad, 
possibly due in large measure to the question of surface damages, it has 
found little favor in the United States. High cost, low tonnage per 
employee, and nonsuitability for complete mechanization ruled it out 
in our search for a method of controlling the roof along our proposed 
longwall faces. 
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(6) Caving Systems — Caving systems are based on the plan of placing 
artificial supports along the face and at a sufficient distance from it to 
provide space for men and machines to operate, and of removing these 
supports as soon as the face has advanced and new supports have been 
installed. It is expected that, as soon as any supports are removed, the 
roof previously held by these supports will cave and thus relieve the 
pressure on the face. 

In all of the mines investigated, this caving system was being used; 
and, also in every case, timber was the material used for the artificial 
supports. In theory, this system seemed to offer a means of roof-control 
that might fill all the requirements for the operation and maintenance of 
our perfect long faces; but in practice, it was found that the daily results 
were not uniform, and that the faces were frequently lost through prema- 
ture roof caving. Consequently the second observation in our study of 
roof-control covers the adequacy of timber for the artificial supports to 
be used in caving systems. 


2. Timber as Artificial Supports 

The investigation showed that timber for artificial supports in caving 
systems was being used in two ways; either (a) as props, or (6) as log- 
cabin or solid cogs. 

(a) Props . — The props were 8 to 10 in. dia., were set close together, 
and were placed in 4 to 6 rows parallel with the face. In general, two 
new rows were installed after each cut of coal had been loaded out, and 
then the two rear rows were removed. During the first 40 to 60 ft. 
advance of a new face, the props to be removed were dislodged by means 
of post-pullers ; but thereafter, as weight came on the props, the removals 
had to be accomphshed either by chopping (which is contrary to the mine 
law in most states, and is certainly not desirable) or by blasting. Natu- 
rally these props could not be reused, and the timber consumption per ton 
was usually more than double that under room-and-pillar mining. Roof 
rides were a continual menace, and faces were frequently lost. 

(b) Cogs . — Cogs were built usually of 6 by 6-in. hardwood with a 
length varying from 24 to 42 in. In general, it was noted that log-cabin 
cogs were used in initial attempts at long face work, whereas in later work 
solid cogs were in use. In most cases, the cogs were built on a base of 4 
to 6 in. of slack coal which was to assist in the subsequent recovery of 
the cogs. 

The use of cogs showed an advantage over props in that the ultimate 
timber consumption was less; but it was still higher than under room-and- 
pillar because individual sticks of each cog would be lost on account of 
being crushed by roof pressure or being buried by caves. 
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Cogs however showed to a disadvantage in comparison with props 
in the matter of being easily compressible. Because of this tendency to 
yield, the I’oof weight kept continually creeping over the supports 
toward the face, thereby reducing the depth to which the coal could be 
safely undercut and causing the likelihood of the immediate roof break- 
ing and falling in slabs throughout the area wherein the men and machin- 
ery were operating. 

Inasmuch as long faces were frequently lost through the failure both 
of props and of cogs, superintendents were tending to change the layout 
in the hope that they could in this manner find a way of safeguarding the 
control of roof. These tendencies were as follows ; 

3. Tendencies in Long Face Layout 

The first tendency was to adopt a long face layout wherein the face 
would be stopped after an advance to a point slightly less than the dis- 
tance which experience in that particular mine had showed roof failures 
were liable to occur (usually less than 100 ft.) ; the equipment would be 
removed; a pillar 15 to 30 ft. in vridth would be left along the entire 
length of face; and the long face would start again on the other side of 
this pillar in a specially prepared narrow room driven for the purpose. 
This layout caused a high charge for the following: for man-hours to 
remove and reinstall the equipment, for development mining to open the 
narrow room, for interruption to production caused by this delay, and 
for the loss of the tonnage remaining behind in the pillar. 

The second tendency on the part of superintendents was to Umit the 
length of the long faces in the endeavor to overcome the dangers of roof 
collapse. The men who favored this tendency argued that if they could 
safely advance a 400-ft. face somewhat less than 100 ft., they could just 
as safely advance an indefinite distance with a face whose length was 
somewhat less than 100 ft. They argued, further, that this would 
reduce, in comparison with the first tendency, the man-hours for the 
frequent removal and reinstallation of the face equipment, the interrup- 
tion to production, and the loss of coal left behind in the pillar. How- 
ever, in comparison with our ideas of a perfect longwall, it had the 
disadvantage of greatly limiting the eflSciency of machinery, of venti- 
lation, of supervision, and of more than doubling the total amount of 
the required development. 

The third tendency on the part of superintendents to alter the layout 
was to adopt the so-called “step system” wherein several faces, each 
usually somewhat less than 100 ft. in length, were driven simultaneously 
in retreat, and each face was “stepped” somewhat less than 100 ft. 
ahead of the neighboring face on one end and an equal distance behind 
the neighboring face on the other end. Delineation of a group of five 
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such faces on the mine map would resemble a flight of five steps on 
which each tread would represent a working face and each riser would 
represent the development heading to accommodate a train of empty 
mine cars for the loading of the coal from one of the faces. This layout 
is probably the most efficient plan of operation for use when timber in 
the form of props or cogs is to act as the artificial support of a caving 
system. Let us therefore examine it to see how nearly it comes to 
affording the advantages which we are seeking in our perfect long faces. 

In the first place, there would be required five 80-ft. faces to equal 
one 400-ft. longwall face. The disadvantages of this reduction in the 
length of faces would be: in the loss of efficiency for cutting, loading, and 
gathering haulage machinery; in the peed for five conveyor drives instead 
of one, affecting both the first cost or purchase price and the operating 
cost covering the daily move forward and the anchoring of the drives; 
and in the reduction of efficiency for supervision and ventilation due to 
the increase in the number of places to be served. 

In the second place, the depth of cut on the step faces could not 
safely be made 6J-^ ft. as desired in our assumed perfect faces. This 
failure to be able to make a deep cut is due to the concentration of pres- 
sure exerted by the roof near that end of the face which approaches the 
area mined out by the adjacent face. The disadvantage of this lack of 
depth in the undercut would be the still further reduction in the effi- 
ciency of the loading, conveying and gathering haulage machinery. 

In the third place, the total development required by the step face 
layout would be more than double that required by our assumed perfect 
longwall faces. This would be to the disadvantage of the step face not 
only in this necessity for double development but also in the fact that 
all of the development' for a particular panel would have to be completed 
before any long face could start, thus freezing working capital. 

And, in the fourth place, the five points where conveyors load the 
face coal into m ine cars are not on the main longwall heading but are up 
on the five additional headings driven for this purpose. Consequently, 
switches, frogs and trackage must be maintained in each of these headings; 
this equipment must be recovered as the faces retreat; cogs must be 
maintained on one side of each heading to hold open a haulageway from 
the loading point to the end of the “step" of the adjacent face; five work- 
men instead of one are required to have charge of the loading of the 
cars; and the gathering haulage equipment is handicapped in having to 
place short trips on stub tracks instead of being able to maintain a 
steady stream of cars by means of long trips on a straight track. 

We were quick to recognize the advantages which the step face layout 
offered in comparison with the room-and-pillar; but these advantages 
fell far short of those we had hoped to obtain through our preconceived 
long face layout. 
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The general conclusion we reached in our investigation of these early 
trials of long faces was that the one and important task before us was to 
find a substitute for timber as the artificial support for the caving system. 
But before starting experimentation along this line, we determined as the 
fourth step in our study to set forth such data as we had on the principles 
of roof-control. 


D. Basic Principles op Roop-contbol 

Unfortunately there is available very little scientific information to 
help us in understanding the many variables in roof stresses. However, 
let us examine such practical data as may be at hand. 

1. Roof Action in Room-and-pillar Mining 

It is easy to figure accurately the total load overlying a given area. 
This is found by multiplying the area in feet by the height in feet by the 
weight of a cubic foot of the roof material. Thus, a room 24 ft. wide, 300 
ft. long, and 600 ft. below the surface would have a total load overlying 
the excavation amounting to 

24 X 300 X 600 X 160 = 720,000,000 lb. 

Clearly this load does not equal the working pressure on the face. If 
the roof were fairly good and the coal were 6 ft. thick in the room over 
which we have just figured the total load, the timbering would probably 
consist of three rows of 6-in. props on 5-ft. centers, making a total of 180 
props. The safe load which each prop would carry would be about 
14,000 lb., so that the 180 props would carry safely a load of 2,620,000 
lb. However, the total capacity of aU the props in the room would be 
only one-third of 1 per cent, of the total load over the excavation. In 
other words, the installed timber would carry safely only 2 ft. of roof 
material if that material were perfectly free to fall. The function of 
timber, therefore, has practically nothing to do with the support of the 
roof; but it is confined to holding in place any slab which might tend to 
get loose, and to giving warning of approaching roof settlement. 

If it is not the timber, then what is it that holds the roof intact over 
a room in room-and-pillar mining? Clearly the strength of a good roof 
must be an inherent function of the successive strata immediately over- 
lying the coal and acting as beams spanning any opening from rib to rib. 
If this is true, then the same dimensions of rooms under similar immediate 
roof conditions could be used without any consideration being given to 
the depth of the cover. 

Immediate exception may be taken to the above conclusion. Engi- 
neers who have laid out room-and-pillar work under both shallow and 
heavy covers will state correctly that the same dimensions of rooms and 
pillars cannot be used without reference to depth of cover. But, remem- 
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ber, our conclusion was made only with respect to room dimensions. To 
analyze this condition: Under relatively shallow cover, the room-and- 
pillar layout usually removes 50 per cent, of the coal in advance work. 
When a panel of rooms has been first-mined, the total overlying load 
carried by the coal pillars between these rooms has been doubled. If 
difficulty develops just prior to pillar extraction, this difficult 3 ’ will show 
itself in one of three ways: first, the coal pillars maj' crush if they have 
not sufficient strength to carry the doubled load, and the resulting condi- 
tion is called a squeeze ; second, the stratum usually consisting of fireclay 
lying immediately beneath the coal bed may not have sufficient strength 
to carry the doubled load and will slowlj' fl,ow out from beneath the 
pillars, causing what is called a heave; or, third, a stratum of weak 
material, like a soft fireclay, lying just above the immediate roof may 
under the doubled load succeed in finding an outlet by breaking the shell 
of immediate roof near the center of the rooms and may induce what is 
termed a series of eaves. It appears therefore that for increasing depth 
of cover, the necessary changes in dimensions of rooms and pillars are 
due to the requirement of leaving a large proportion of coal during first 
mining, a requirement which can be met equally by increasing the pillar 
width or by decreasing the room width. The reason the pillar width 
cannot be indefinitely increased is because difficulties would then develop 
in the extraction of the pillars. 

We may therefore summarize roof action under room-and-pillar 
mining as being a uniformly loaded beam rigidly supported by the two 
ribs of coal; and that excellence of a roof depends (a) on the inherent 
strength of the first few feet of strata immediately overlying the coal; 
and (6) on the success of the layout in preventing any general roof move- 
ment through the use of ample piUars. 

2 . Roof Action in Longwall Mining 

It is a well-known fact that, in any large fall or cave in flat workings, 
a vertical section at right angles to the horizontal breakline will show an 
upward break on a line roughly at 45° to the strata and pointing away 
from the rib. In all of the longwall faces which have failed on account ' 
of the roof riding over the supports, the writer has yet to see or hear of a 
case where it was not possible (though difficult and costly) to recover for 
re-use most of the equipment and machinery on that face. After all 
such failures, there is generally ample room for a man to crawl along the 
face hugging tight to the coal rib. Such observations tend to prove that 
the working pressure of the roof on a longwall face is much less than the 
total load, just as was found to be the case in room-and-pillar mining. 
If the total load were able to exert its full weight on the face, the pressure 
would be so great that recovery of equipment would be out of the 
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question, and even if recovered the equipment would have been 
wholly destroyed. 

What function of roof action, then, tends thus to hold open a space 
next to the face of a longwall? It is the cantilever action of each roof 
stratum overlying the bed of coal. The first foot or two of immediate 
roof above the coal extends ouit a foot or two beyond the face; the next 
foot or two above the first layer extends out beyond the face a foot 
or two farther; and so on to establish a roughly 45° line of break 
extending upwards as far as we can see. 

It is probable, however, that this 45° breakline does not extend 
aU the way to the surface. It has been observed in frequent instances of 
longwall that, whereas all surface subsidences lag the advance of the long 
face, the surface breaks often precede the face, occasionally many feet 
in advance of it. To explain these findings: It is believed that this 45° 
breakline extends upward from the face to a point where a particu- 
lar stratum is prevented from breaking and falling into the pile of caved 
material because of there being no space for it to occupy. This is due 
to the fact that caved material occupies a space to times the space 

it occupied in the solid. The several strata lying beneath the particular 
stratum we have in mind have so swelled in breaking that they have 
filled the space for caving provided by the extraction of the coal. Our 
particular stratum, therefore, is for a time partially supported by the 
material in the cave. It is carrying, however, all the load of the material 
between it and the surface; and this load becomes greater and greater as 
the longwall advances. The caved material which is partially supporting 
it tends to contract through its own weight and through the great over- 
load caused by the bending and sagging of the particular stratum. 
This latter stratum continues to sag until there is a rupture — but this 
rupture does not take the form of a cave; instead it opens up at a natural 
roughly vertical fissure and pulls horizontally along its bedding plane. 
The several strata above our particular stratum continue to ride on it 
and to rupture in the same maimer, each stratum tending to open at a 
fissure ahead of the opened fissure of the stratum below it. In this way 
a new fracture line is set up which may be at roughly 45° to the bedding 
planes, but which points back toward the face. 

We have thus shown from empirical data how roof action on longwall 
faces tends to hold open through the cantilever action of each roof stratum 
a small area in front of the face; how the roof beyond the ends of those 
several cantilevers tends to break off and cave; and how this roof behavior 
continues from the coal face up toward the surface to an unknown point 
above which the total load has no effect on the face, this total load on one 
side of the breakline being carried by the material in the cave, and on the 
other side being carried normally by the undisturbed strata back over 
the coal. 
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Our problem therefore is to hold open a space of definite length and 
width in front of the longwall face, this width being greater than that 
which the roof action can accomplish unassisted. In other words, the 
artificial supports which we are to install must be able to transfer the 
point where cantilever action of roof strata starts to a point away from 
the face at a distance therefrom equal to the width of the space we 
desire to keep open. The roof over this working space will then be a 
beam having one end resting on the solid coal and the other end resting 
on the artificial supports. This beam is like the beam spanning the two 
ribs of a room in the room-and-pillar system except that in longwall 
one rib has been removed and airtificial supports have been substituted. 

The load on this beam theoretically will be carried one-half by the 
solid coal and one-half by the artificial supports; and the weight of this 
load may equal the total load of the strata lying between the coal and 
the unknown point where the breakline changes its direction. 

It is thus evident that the artificial supports have a very different 
function in longwall from what we found to be their function in room- 
and-pillar, In the latter case, the props merely steadied the immediate 
stratum of roof overlying the coal and gave warning if the coal pillars 
were too small; but in longwall a part at least of the total load must be 
actually supported. Does not this analysis show the reason why timber 
either in the form of props or cogs is proving inadequate to support safely 
the desired working area along a longwall face? An example might 
show this more clearly, even though some of the variables are unknown; 

Let us assume a longwall face 400 ft. long which we wish to keep 
open a total width of 17 ft. (including the 6^-ft. undercut). Let us 
further assume that we can devote 3^ ft. of the 17 ft. of width to the 
space for our artificial supports, and that the unknown point up to 
which we must provide support is 100 ft. above the coal bed. Then 
the load to be carried by the artificial supports will be 

H X 400 X 17 X 100 X 160 = 54,400,000 lb. 

To support this load safely would require 3900 6-in. props or 1063 12-in. 
props if recourse must be had to timber, and all of these props would 
have to be accommodated in an area X 400 = 1400 square feet. 

Our analysis indicates that the artificial supports to hold open safely 
and economically a space 17 ft. back from the face of a perfect longwall 
must have three characteristics : first, strength to carry the loads set forth 
in the above example; second, rigidity to induce caving immediately 
beyond the supports and to hold the roof beam over the working space 
intact; and third, movdbiUty to facilitate the daily advance of these 
supports with safety both to the men and to the supports. 

Timber either as props or as cogs does not fulfill any of these three 
requirements. Therefore recourse must be taken to the development 

TOL. 76.— 17 
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of steel jacks. A jack designed to carry safely 200 tons would equal the 
carrying capacity of twenty-nine 6-in. props or eight 12-in. props; it 
could be made to have as complete rigidity as required; and it could be 
equipped with tripper device which would easily accomplish its collapse 
with safety to the men. 

Actually, the next step in our study was a series of experiments 
to develop a suitable design of steel jack. In this paper, however, it 
seems hardly neces'sary to describe these experiments except to state that 
we recognized the possibilities of various types of jacks; such as hydraulic 
jacks, sand jacks, wedge jacks, screw jacks with steeply pitched threads, 
and any combination of two or more of these types. The jack which 
finally won temporary approval and by means of which most of our 
work has been done was a wedge jack designed by us and manufactured 
by the Lorain Steel Co., Johnstown, Pa. 

The last step in our study was to put our ideas and theories into 
practice by submitting them to the actual test of underground operation. 
Some of the results obtained are listed in the following paragraphs. 

E. Results from Use of Steel Jacks 

Nine longwall faces in four different mines have been driven a total 
distance of over one mile. Of these nine faces, four completed the extrac- 
tion of all the coal in a predetermined area and permitted the removal 
of all the equipment to new locations; one is temporarily idle, and four 
are still advancing daily. The maximum advance of any one face to 
date has been 2400 ft., and that face has 1000 ft. more to go to reach 
the property line. 

From the experience gained in this work, we may set down the fol- 
lowing observations : 

1. Arrangement of Jacks 

(a) Immediate Roof Strong . — ^If the immediate roof is strong, the jacks 
are arranged as shown in Fig. 1. The double outer row of jacks is 
called the break row and is spaced on 4-ft. centers. The single inner 
row of jacks is called the safety row and is spaced on 8-ft. centers. A 
complete cycle of operation, starting with the conditions shown in 
Fig. 1, would be to blast the coal, to load it into the conveyor, to col- 
lapse the safety row and reset it within 4 ft. of the new face, to advance 
the conveyor ft. with the aid of post-pullers, to install a new double 
break row of jacks, to collapse the old double break row and permit the 
jacks and timber to lie idle between the new double break row, and to 
undercut the face. 

(b) Immediate Roof Only Fair . — ^If the immediate roof is only fair, the 
jacks are arranged as shown in Fig. 2, in order to obviate the necessity 
for collapsing the safety row. The double break row is set as in the first 
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case on 4-ft. centers, but the single safety row is set on 4-ft. centers 
instead of on 8-ft. centers. A complete cycle of operation, starting 
with the conditions shown in Fig. 2, would be to set an additional row 
of safety jacks under the inner end of the collars previously held only 
.by the first safety row, thus making the double safety row an exact 
duplicate of the double break row; to blast the coal; to load it into the 
conveyor; to disjoint the conveyor and reassemble it immediately inside 
of the double safety row; to collapse the double break row, permitting 
one row to lie idle between the jacks of the new break row and using 



Fig. 1 . — ^Abrangbment of jacks when immediate eoof is strong. 

Fig. 2. — ^Arrangement of jacks when immediate roof is only pair. 

Pig. 3. — Arrangement op jacks when immediate roop is bad. 

one row to form the initial row of the new double safety row; and to 
undercut the face. 

(c) Immediate Roof Bad . — If the immediate roof consists of a foot of 
draw slate which has no beam strength and tends to fall when the coal is 
blasted, the jacks are arranged as shown in Fig. 3. The single outer row 
of jacks is called the break row and is spaced on 3-ft. centers. The next 
row of jacks is called the draw-slate row, is spaced on 3-ft. centers, and 
supports the outer ends of steel beams which serve as forepoles. This 
beam is an “H ” section, is 15 ft. long, and is placed in a round hole drilled 
just below the roof 7 ft. deep into the soHd coal before undercutting. 
The third row of jacks is called the safety row and consists of light pipe 
jacks to prevent any tendency of the steel beams to sag. A complete 
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cycle of operation, starting with the conditions shown in Pig. 3, would 
be to blast the coal; to load it into the conveyor; to drill the holes into 
the new face to accommodate the forepoles; to advance the safety jacks; 
to advance the conveyor; to collapse the jacks of the draw-slate row 
seriatim, resetting them in a new draw-slate row; to collapse the jacks 
of the break row seriatim, resetting them in a new break row, and to 
undercut the face. 

All three arrangements have been used in one or more of the nine 
longwall faces operated by us to date. 

2. Depth of Cover 

The depth of cover overlying the nine longwall faces has varied from 
90 to 650 ft. To date there has been made no accurate measurement of 
the working pressures on the faces under these different depths of cover. 
We have, however, been able to make something of a check on relative 
pressures. In large testing machines at two universities' we have 
observed the indentations made by the jacks in wood sills and collars 
under known loads, and we have compared these indentations with those 
obtained in practice in the mines. These observations lead to the 
tentative belief that, for a given thickness of coal bed, the working 
pressure on a longwall face will be approximately the same for shallow 
as for deeper mining. 


3. The First or Major Break 

The first few cuts on a new longwall face are made without the appear- 
ance of any pressure whatsoever on the break row of jacks or on the solid 
coal rib left behind. As additional cuts are made, and as the roof 
between the break row of jacks and the old coal rib is completely unsup- 
ported by any artificial means, pressure begins to show on the break row. 
This pressure continues to build up as the face sweeps forward until the 
point is reached where the strength of the immediate roof is not suflBcient 
to support the beam between the break row and the old coal rib. At 
this point there is a more or less sudden collapse of the roof back of the 
break row of jacks, and this phenomenon is called the major break. 

Just prior to this instant of roof collapse, the break row of jacks will 
have been called upon to carry its greatest load, and immediately follow- 
ing this collapse the pressure on the jacks will be almost nothing. In the 
case of the start of one of our nine faces, it was noted as the day shift left 
the mine that a major break was imminent, because the pressure was 
driving the jacks 1 to 2 in, into the wood collars and sills. When the 
evening shift entered the mine 2 hr. later, the roof was down beyond the 
break row, and the pressure was so relieved that a piece of cardboard 
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could in se"veral cases be passed between the break row collar and 
the roof. 

The distance which each of the nine longwall faces had advanced 
before the major break occurred varied between 70 and 90 ft. In each 
case we had planned, if 100 ft. had been reached without a major break, 
to driU jackhammer holes into the roof just behind the break row of 
jacks and to assist caidng by the use of explosives. This, however, has 
not as yet been found necessary. 

4. The Daily Break 

We expect and almost invariably obtain a complete break throughout 
the entire length of the face each time the break row of jacks is advanced. 
Under a good quality shale roof this daily break may be counted on 
absolutely. Under a very strong sandrock, the break may not be 
complete each day at all points along the face. This however, has not 
proved serious because the jacks have shown the strength to carry the 
weight until the next succeeding advance completed the break. 

The success which the jacks have shown in inducing a caving of the 
roof, and in thus relieving the roof pressures on the face, may be partially 
explained by the analogy of the straight line scratch of a diamond on a 
pane of glass. Just as the diamond scratch focuses the brittleness of 
glass along a line on which it is desired to break the pane, so the straight 
row of rigid jacks focuses the brittleness of the roof on the line at which 
we desire to induce ca-ving. 

5. Occasional Increase in Pressure on the Break Bow 

After the major break has been experienced, the normal pressure 
which is anticipated as the load to be carried by the break row may be 
subject to slight increases at intervals of 200 to 300 ft. as the face advances. 
It is believed that these surges of pressure are occasioned by readjust- 
ments of the strata in the "vicinity of the previously described point at 
an unknown distance above the bed where the 46° breakline changes 
direction. These pressure increases have never been as great as those 
preceding the major break, and they have never lasted for more than 2 
or 3 days. 


" 6. Jack Staiistics 

The total number of jack-placements to date on the nine longwall 
faces is over 600,000 Each jack-placement means the collapsing of a 
jack after service at a particular spot and the resetting of it nearer the 
face as the longwall sweeps forward. 

The theoretical breaking load for these jacks is 560 tons, and the safe 
carrying load is 200 tons. 
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The total number of jacks damaged under pressure has been two. 
Both were minor cracks in the outer edge of the base plate and were 
occasioned by flaws in the casting. Neither break caused the jack to fail 
in carrying its load. 

A few jacks have been lost in the gob; but in each case the loss was 
sustained when longwall work was just being initiated and when the 
workmen were unfamiliar with their manipulation. The loss of jacks 
may be considered as negligible. 

7. Blasting 

The problem of blasting the undercut coal on long faces is entirely 
different from shooting coal in rooms. There are three desiderata: (a) 
minimum fines; (6) lumps not too large for easy handling, and (c) the 
least possible amount of pick-work to convert the back of the shots into 
a laterally straight and vertically erect new face for the next day’s cut- 
ting. To obtain these results in the fullest degree, tests must be made 
under the actual conditions which occur at each mine. 

In our own experience, in the four mines where we have blasted coal 
on long faces, there is considerable variation in the use of explosives. 
There are two points which are common to all four mines; the depth of 
the holes is such as to reach a point directly over the back of the undercut, 
and the spacing of the holes is on 6-ft. centers. 

8. Wage Schedules 

The wage schedules vary at our four mines; some are union mines, 
and some are non-union mines. Let us assume that at any mine 
the basic imderground rate for common labor is W : then the different 
classifications of longwall work will be paid on approximately the 
following schedule: 


Loading, hand-shovelers l.OW 

Loading, zoachine operators lAW 

Undercutting, cutters 1.2W 

Undercutting, scrapers 1.2W 

Drill and shoot miners 1.2W 

Drill and shoot helpers 1 . 2W 

Jack operators I.IW 

Haulage, motormen 1.2W 

Haulage, brakemen 1.2TF 

Poremen 1.6TF 


It may occasion surprise to note in the above schedule that in the 
case of men who work in pairs the helper is paid the same wage as the 
cutter, the driller and shooter, and the motorman. This is done for 
three reasons: (a) the work is more continuous and monotonous than 
men have been accustomed to in the past, and they like to “spell” each 
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other; (6) it permits the leader to train the helper so that management 
soon has two potential leaders, and (c) in case of the absence of the leader, 
the helper is fully qualified to step in and perform the day’s task with a 
green helper. 

9. Costs 

Statements sho-wing costs per ton in cents at the mines where we have 
operated long faces, or showing sa-vings over room-and-pillar of 50 e. 
per ton at one mine, 74 c. at another, etc., would be valueless without an 
accompanjdng full description of the mining conditions. Lacking space 
in this paper for such descriptions, the writer gives below some of the 
units of cost in terms of man-days. 

(a) Undercutting. — Two men, a cutter and a scraper, -will cut a 400-ft. 
face ft. in depth under average cutting conditions in 8 hr. The sdeld 
in marketable tonnage may be conservatively figured at 100 net tons per 
foot of bed thickness. 

(b) Drilling and Shooting. — ^Two men, if equipped with an efllcient 
boring machine, will drill, load, tamp and fire the 66 holes on 6-ft. centers 
along the 400-ft. face in 8 hours. 

(c) Loading. — ^Hand shovelers wiU average 21 to 24 net tons per man, 
and -will also advance the safety jacks and the conveyor under good roof, 
in 8 hours. 

(d) Advancing Break Row J acks. — A crew of 6 men -will install the new 
double break row of jacks, -will coUapse the old double break row, and wiU 
build one cog along the loading heading in one shift of 8 hours. 

(e) Haulagemen. — Two men wUl operate the conveyor, load the mine 
cars, and operate trains between the longwall face and the gathering 
parting in 8 hours. 

(/) Summary. — It will be noted that 12 men on the face (cutters, 
driUers and shooters, jackmen, and haulagemen) are performing work 
which is independent of the thickness of the bed of coal. The number of 
hand-shovelers is dependent on the tonnage. The following table shows 
the resulting tons per face employee per day for varying bed thicknesses, 
exclusive of development work, maintenance of equipment, and inspec- 
tion, on a hand-shoveling basis: 


Thickness of 
Bed, Ft. 

Tons per Day 
on 400 Ft. Face j 

Number of 
Sbovelera 

Other 
Laborers ‘ 

i Total 

1 Employees 

Tons per Total 
Employee 

3 

300 

14 

12 

1 

! 26 

11.5 

4 

400 

19 

12 

31 

12.9 

5 

500 

23 

12 

35 

14.3 

6 

600 

27 

12 

39 

15.4 


Scrutiny of the above table shows the tremendous advantage which 
will result from the use of a loading machine in thicker beds. Two 
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shovel operators and four helpers to do the work of cleaning up, moving 
the safety jacks and advancing the conveyor, can replace all of the 
hand-shovelers shown in that table. Our own experience has not 
covered the use of mechanical loaders because our beds have been too thin 
for the loaders now on the market. However, we believe our method is 
perfectly adapted to loading machine operation, and we submit the 
following table to show the expected results from complete face mechani- 
zation under good roof conditions. This table assumes that the capacity 
of the loading machine will vary with the thickness of the coal bed. The 
table is exclusive of development work, maintenance of equipment, 
and supervision. 


Thickness of 

Bed, Ft. 

Tons per Day- 
on 400 Ft. Face 

Total 

i Employees 

Tons per 
Employee 

3 

' 300 

18 

16.7 

4 

400 

18 1 

22.2 

5 

500 I 

18 1 

27.8 

6 

1 600 1 

18 

1 

33.3 


Conclusions 

In any attempt to express in a single paper the results of four years of 
study, investigation and experimentation, there must of necessity be a 
severe limiting of the phases to be discussed. Some readers of the above 
paper may be disappointed at the omission of such subjects as 
the following: 

A. Application of longwall to thick beds of coal. 

B. Application of longwall to steeply pitching beds. 

C. Development layouts for longwall under various mine conditions. 

D. Details of organization to accomplish the daily cycles of operation. 

E. Labor’s reaction to complete face mechanization as evidenced by 
studies of absenteeism and turnover. 

F. Discussion of the types of various pieces of face machinery; such 
as, conveyors, undercutters, loaders, drills, jacks, etc. 

G. Discussion of the proper maintenance of face machinery. 

H. Proper methods of supplying power on long faces. 

These subjects are of such vital importance in longwall that each 
should be made the topic of a later paper before the Institute. However, 
lack of space and in some instances lack of sufficiently complete actual 
experience ruled them out of the present consideration. 

Readers of this paper will have noted that its scope is confined to the 
fundamentals of the problem of complete face mechanization, these 
fundamentals being substantiated by a brief summary of the results 
obtained through actual experience. 
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It seems very opportune that this preliminary paper on longwall 
should have been prepared for presentation at a meeting where mechani- 
cal and mining engineers are in joint conference. Heretofore the 
mechanical engineers have designed and placed on the market what 
looked like very dependable machinery and have urged that it be given 
a chance to operate continuously. The mining engineers, however, have 
been far behind them and have failed to modernize the layout sufficiently 
to give the machines the opportunity to prove their efficiency. In 
our experimentation, we have found that some of the machines, which 
gave every indication of dependability, were unable to stand up when 
given an opportunity to operate continuously. The manufacturing 
concerns back of these machines have been ready and anxious to make the 
necessary corrections, but we are still a long way from perfection. A 
full measure of success in the future can be secured only if the mechanical 
and mining engineers work out the many details of complete face mechani- 
zation jointly. 


DISCUSSION 

R. Y. Williams. — I would like to make one or two remarks on the general situa- 
tion, All other industries, steel, automobile, power, light, radio, have developed to 
the point of quantity production accomplished by complete mechanization, but in the 
coal industry the work of the miner at the face is done identically as it has been for 
the past years and years. There has been little change. 

In the coal business, between 60 and 70 per cent, of the total cost of production 
must be paid to unsupervised labor because we have not quantity production through 
complete mechanization, and the result is that the public looks upon the coal industry 
as the most wasteful and inefficient of all the big industries — wasteful not merely in 
the loss of natural resources, but in that waste of human endeavor which today ought 
to be and could be so much more cheaply and efficiently done by mechanical power. 
The strange part about it is that mechanical engineers have placed on the market for 
the coal people dependable machinery for cleaning, for sizing, for dumping, for under- 
cutting, and for drilling holes, and are today working out machines .for loading and 
for conveying. Actually the only single operation in connection with the mining of 
coal that is without some mechanical thought is the question of timbering. And yet, 
despite all this wealth of machinery we are still paying that 60 to 70 per cent, of the 
total cost of production to unsupervised labor. What is the reason for it? What is 
the obstacle that stares us in the face? It seems to me, it is because we mining engi- 
neers have failed to develop a method of mining at the face that will permit machinery 
to operate continuously and economically. In other words, the obstacle is the abso- 
lute insistence on operating on the antiquated room-and-pillar system. 

C. Evans, Scranton, Pa. — ^This development of the longwall system is regarded as 
one of the most promising, although the most radical step, that has been made in 
mining in this coxmtry, or so far as our knowledge goes, in any other country. When 
Mr. Williams speaks of this paper as covering the requirements for the complete face 
mechanization in coal mining, I am afraid he gives the impression that it is something 
that can be applied pretty generally. It can be if the mining engineering industry 
can be persuaded to abandon its old methods, but I fear that there are hundreds of 
men in the mining industry who ar6 not prepared to do this. 
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About 98 per cent, of the coal that is produced in this country today comes from 
room-and-pillar mining. Mr. Williams deals entirely with the advantages of longwall 
mining. Before we can get a complete mechanization, we must go through a develop- 
ment stage that includes mechanization in room and pillars. Mr. Williams^ system 
is practical under many, many conditions, but under a great many other conditions — 
in old mines, particularly in the anthracite region — ^there is little or no possibility of 
introducing longwall. Nevertheless, it is necessary to study roof control in room-and- 
pillar work, and I think that Mr. Williams’ paper will be a distinct contribution to 
those in the industry who will take the trouble to study it and try to appreciate the 
new points. 

Our company does much work that we call longwall, but it is not true longwall 
because we have never attempted to properly control the roof. I believe that that is 
true of practically all of the so-called longwall that is done in this country, with the 
possible exception of some in Illinois. 

For the complete mechanization of mines, mechanical engineers will have to do 
more work on points other than those connected with the moving and loading of the 
coal; they must devise more efficient and more dependable systems of transportation. 
In underground work it is difficult to get an adequate car supply to a point at which 
concentrated mining is taking place. The amount of track is so limited, or the room 
that is available for track is so small that some system must be worked out of greater 
capacity of mine cars, greater capacity of locomotives, better dispatching systems; so 
that the coal after it is moved out in the quantities Mr. Williams mentions — 600 tons 
from one point of origin — can be taken away to the railroad cars. 

Mr. Williams said, I believe, that there has been no change in the work of the 
miner at the face in many years. Unfortunately, that is too true; but I must say, in 
defense of the industry, that within the last five years there has been a very distinct 
effort to improve the quality of that work. This can only be done, of course, through 
supervision, and in the ordinary room-and-pillar mine supervision is a very difficult 
thing to get, to maintain and continuously apply, because a siagle foreman will have 
under his charge 20 to 40 separate working places, each one with insufficient light and 
each separated from the other by a solid pillar. All of these things must be taken into 
consideration by any one manufacturing mechanical equipment to be tised in our 
mines as they are operated today. 

The company that I am employed by has 5000 working places in all of its mines. 
Of those, 168 are longwall faces; modified, not ideal faces such as Mr. Williams is 
talking about — ^long faces varying from 185 to 270 ft. The face in the ordinary cham- 
ber is about 24 ft. We have been operating long faces in increasing numbers ever 
since 1916. We gradually increase the number each year as the territory capable of 
that sort of mining becomes available, and we would be delighted if underground 
conditions in the rest of our mines would permit us to change all of our faces to long- 
wall. We are getting more coal per man, we are getting cheaper coal from the long- 
wall faces than we are from any short face. It is true that the coal from our longwall 
faces is dirtier than that from the short faces, but that is because all of this coal is 
loaded by mechanical means, which practically prohibit handpicking of refuse as 
loaded, as is done in all hand-loaded places. 

L, C. Cbewe, Philadelphia, Pa. — ^I have had considerable experience in mining 
bituminous coal, particularly in Tennessee. It seems to me that generally speaking 
the points made by Mr. Williams are well taken. It stands to reason that the mines 
can be more easily mechanized by the use of the longwall system, and on at least two 
occasions I had a study made for my company looking to that end, but I ran up against 
the fact that the cost would be prohibitive. As I remember, there are something like 
6000 bituminous coal mines in the country, and if 98 per cent, of the coal is now 
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mined by the old room-and-pillar system, and that system modified, including various 
forms of the panel system, it would appear that to change the chief production of the 
country from the old system to the longwall would be a Herculean task, not only from 
the management and labor standpoint but also from the standpoint of the enormous 
amount of additional capital that would be required. Assuming we all agree that, as a 
general proposition, the longwall system is the thing, how could we introduce it 
except by the expenditure of a prohibitive amount of capital, and gradually work to it 
by the training of management and of men over the period of a good many years? 
That is my query. 

Member. — Does this system of mining mean a return of 20 per cent, on 
the money? How does that stack up in savings? 

R. Y. Williams. — ^We would require one undercutting machine for every five 
machines now used in a room-and-pillar mine to get the same tonnage. That leads 
to an actual saving. If you buy a loading machine for a room-and-pillar mine in 
order to save, you can buy one for a longwall mine and save five times as much. 

Actually, it would cost about 20 c. per annual ton to equip a face 400 ft. long with 
jacks, with a longwall undercutting machine, and with a conveyor. In soft coal I 
imagine the cost is a little over $3 per annual ton for plant and equipment. By the 
addition of 20 c. per annual ton you can save from 25 to 50 c. per ton of production. 

R. D. Hall, New York, N. Y. — My preference is for longwall rather than for 
room-and-pillar workings. At the same time, I cannot help believing that Mr. 
Williams was incorrect in saying that the room-and-pillar system has failed because 
we have had that method of working for 100 years and have made no progress with it. 
That system of mining has a chance to progress that it never had before. Under- 
cutting and loading machines and conveyors have been introduced; also better track 
systems. Something has been learned about management m connection with room- 
and-pillar workings. With those changes the room-and-pillar method is giving results 
it never gave in earlier days. Longwall success depends largely on these selfsame new 
types of equipment and management methods. 

I was in a mine the other day where the coal was 42 in. thick, and the three men at 
the face, with one man receiving coal at the end of the conveyor, were loading together 
90 to 107 tons daily from a single room. That is much more than was done in the 
past. Mr. Williams said that, with room and pillar, 20 rooms were needed for 100 
tons of daily production. Doubtless that was true under the former conditions, but 
here was one room producing nearly 100 tons daily. The room-and-pillar system is 
costly to install with modem appliances. If we do not want to face the expense for 
modern equipment we can not get the best results from room and pillar or, for that 
matter, from longwall either. 

Mr. Williams shows how much saving in ventilation cost is effected by the intro- 
duction of longwall. Unfortunately, if the fan is already installed and gives a large 
quantity of air, it will have to run inefficiently if a system is introduced that does not 
give an equal resistance to the air current. The entire advantage of longwall will not 
be enjoyed as soon as longwall is installed. 

Much, it is true, may be said in favor of longwall, especially as to the larger sizes 
of coal obtainable thereby. For instance, in one mine at Paris, Ark., the coal is 
dropped from a longwaU face on to a plate or “scow’’ and hauled to low cars in l-ton 
chunks, no powder being used to bring it down. What I contend is that room and 
pillar can be made more economical than it is now and that Mr, Williams has shown 
it in his address at its earlier worst rather than at its present best. 

Some of the most interesting features of Mr. Williams’ paper are his references to 
roof action. We have been hearing for years from Europe and from our own country 
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that when a large area of mineral has been extracted the lower part of the roof would 
fall in large quantities in such disorder that it eventually would fill the open space and 
hold up the roof. That seemed ridiculous because the later increments became 
smaller and smaller and the rock could not fall till it choked. It cannot fall if it is 
supported and if it falls it drops where’ it can no longer support the roof from which it 
fell. Now we learn from Mr. Williams what really happens. The rock piles up from 
the bottom and the roof subsides so as to sit on it. On this pile of rock the roof ulti- 
mately rests after it has crushed it down to the required density. The roof does have 
to subside but not down to the floor whether heaved or natural, but on to the pile of 
detritus that its failure has created. Except with abnormally thick beds it need not 
fracture all the way from the extracted coal bed to the surface or from the surface to 
the extracted coal bed. 

The main roof in most cases acts as a monolith, a single body, and gradually sub- 
sides toward the floor, fracturing in so doing. In the course of that subsidence it 
breaks on the surface back over the unexcavated coal. Because this break on the 
surface has been found it has been thought that it extends vertically or at some angle 
clear down to the coal bed. But there is nothing to show that this crack extends so 
far. Some in England, seeing the 45® break near the coal face extending over the 
excavated area, have said it reaches back to the crack on the surface, but there is no 
reason to believe the two fractures meet or are in any way one and the same fracture. 

The correct theory is that the main roof fractures in the midspan of the excavated 
area and that then a lower layer of the roof begins to peel away from the main roof 
just as a layer of wood in a bent sapling will peel away from the main stem if it is cut 
or broken at any point. This layer ‘which is thus freed is thin and so has no strength. 
It quite naturally breaks off at the rib on an inclined line and not at right angles, the 
fracture starting, of course, at the top away from the rib but sloping at an angle toward 
it. As a rule, it is said, the roof fractures so that it slopes upward and outward over 
the excavated area but the fracture actually starts in the other direction. 

It is part of this lower layer that Mr. Williams holds up with his jacks and not the 
main roof. The latter, he would never be able to sustain. I have tried to visualize 
a jack that would hold up a roof 600 or 1000 ft. thick. Think what it would mean to 
work with jacks under the Woolworth building with the jacks resting on clay and the 
building not a mere shell like that or any other ofiSce building but solid masonry from 
top to bottom. 

Evidently Mr. Williams' jacks hold up only the lower layer of roof, leaving the 
upper part to sustain itself by its own strength as long as it can. This lower layer is 
not a cantilever in reality because a cantilever presupposes an ability to “cant," or 
teeter. This beam caimot cant because it is held at one end as in a vise by the weight 
of the main roof pressing on it and thus on the coal below. It is a “built-in " beam or 
beam encastrL This beam bends down near the rib under its own weight. It sepa- 
rates vertically from the main roof unless the jacks hold it up in place but if they do 
suffer it to sag a little it is likely to spring up when a large part of it breaks off and thus 
lightens the load on the part left. Thus, where the jacks have been subjected to 
tremendous pressure the lower roof slab may lift enough so that boards can be placed 
between the slab and the jack or the blocks above it. Mr. Williams in his paper 
describes such a movement which the remarks I have made, in my estimation, 
fully explain. 

Mr. Williams’ excellent paper is subject only to the criticism that it does not give 
expression to the possibility of improvement in the working of coal by room-and- 
pillar methods. 

T. M. Chance, Philadelphia, Pa. — ^In ordinary methods of mining, face prepara- 
tion is considered to be of paramount importance. In many ways this is an unfortu- 
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natc situation because every time the miner removes so-callcJ waste from the coal lie 
is required to determine, under the poorest of lighting facilities, whether the material 
is fit to be loaded or should be stowed as waste. He thus becomes an inspector 
charged with the determination of the final disposition of property' belonging to the 
owner of the coal. This is hardly fair either to the miner or the coal owner. 

On the other hand, every system looking towards increased mechanization under- 
ground tends to reduce the possibility of such face preparation and therefore throws 
the burden of cleaning to the surface where it properly belongs. I do not mean to say 
that waste material that is pure rock and of sufficient size to be economically gobbed 
should not be left in the mine, but I do believe that a fair percentage of the present 
work now performed at excessive cost inside the mine will .inevitably be transferred 
to the outside wherever mechanization is extensively practiced. 

In regard to the particular problems that Mr. Williams has brought before us, I 
would call attention to the necessity of considering the local conditions that may be 
present. We frequently think only of the roof pressure in terms of vertical depth 
below the shaft collar or slope entrance but at times the increased rock pressure pro- 
duced by hills rising high above the mine entrance may be of great importance. Thus 
at Coal Creek, Tennessee, the rock pressures that must be overcome as the coals are 
mined to the dip become excessive, due to the surface topograph^-, and these seams 
must be won imder conditions present in deep shaft mines in level territory. 

Longwall in its earher forms has been extensively used in both the Illinois and north- 
ern anthracite district of Pennsylvania. In 1915 the Delaware, Lackawanna & 
Western Co. had installed a number of face conveyors and cutting machines and had 
thoroughly developed a method of longwall involving the use of timber cribs. At this 
time Cadwallader Evans initiated mechanization in the room-and-piUar workings of 
the northern anthracite field by the introduction of the scraper loader and this method 
of mechanically working room-and-pillar operations has been extensively developed 
in many parts of the anthracite field, the Colonial Colliery having a number of miles 
of haulage rope in service for these scrapers. 

The two forms of mining have therefore been mechanically developed to a fairly 
high degree but without introducing mechanical methods of controlling the action of 
the roof other than by attempts to do so by the use of timber, permanent pack walls 
or filling. I think Mr. Williams has presented something that is basically new and 
that should not be confused with longwall mining as we have known it in the past. 
There can be no question that an orderly system of controlling the whole mining 
operation will result in the same increased efficiency effected by modem methods of 
routing material through manufacturing plants. Such a systematized method of 
mining is impossible if we are to depend on natural forces for the control of the roof 
and maintenance of the working places, because such natural forces vary widely on 
account of the existence of faults, variations in the structural strength of the rock, 
and many other conditions, local or general. 

T. F. Downing, Jr., Philadelphia, Pa. — do not like to hear people try to leave 
the impression that the coal business has not advanced. I have read that so often, 
and it is not a fact. The last figures available from the government were in 1924, 
and they show that the bituminous industry has increased its efficiency per man 
employed so that in 1924 only 170 days were required to produce what would have 
required 268 days 20 years before. That is one answer to the overmanning of the 
industry. The industry is growing, advancing beyond the capacity of the market 
and the men to produce. 

I have seen much longwall in Europe; I went over there to study it and came back 
and tried it, and while I admit I did not use the jacks, my cost was 19 to 26 c. greater 
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in that section than it was in any other section of the mine, and a man was killed in 
trying it. 

Of course, we could do away with it. It was not the trouble of the system so much 
as I think it was in the roof. There are many places in this country where longwall 
can be used to great advantage; but there are many other places in the country, par- 
ticularly where there are special-purpose coals, where it cannot be used. Unfor- 
tunately, the best coals seem to have the worst roof. Gas coals as a rule have worse 
roofs than any others. 

In this discussion the room-and-pillar system has not been given the best of the 
argument. There is one thing that we must consider; that is that only from 40 to 50 
per cent, of the coal is taken on the advance. If the miner or the owner leaves the 
50 or 60 per cent, to be taken out 5 or 10 years from now, he is certainly going to have 
a lot of trouble doing it. If the room-and-pillar system is used to its best advantage, 
the result is practically what is obtained with the longwall face. That is, if the rooms 
are driven no sooner than the pillar on the side of the room can be pulled back, there is 
practically a face that can be run as high as 1500 ft. long without any trouble; and in 
that way there is a grouping together of men, a concentration which is necessary for 
economic operation. 

The feature of time has not been touched on in this longwall system. With the 
room-and-pillar system, I think mining men will agree, the faces can be protected for a 
greater length of time than on the longwall, so time enters into the discussion to a 
great extent. 

Mr. Williams talked about working longwall for two shifts. As a matter of fact, 
the mines of this country do not work their places half a shift. That seems to be a 
pretty strong assertion, but actually the mines of this country produce less than 40 
per cent, of the amoimt of coal tkat they are equipped to produce. It may be that 
there are some mines that work six days a week, and others that work two, but the 
average is less than 40 per cent, actual production of what they are equipped to pro- 
duce. If we are going to have this longwall face to protect half of the time that the 
mine is not working, it is going to add to the cost of that system much more than a 
group of narrow openings in the coal. “That is a feature well worth considering before 
going to longwall; that is, will my markets allow me to work every day in the week, 
or practically every day in the week so that I can get this 400-ft. line of jacks ahead 
every day, or must I leave them there for several days until the roof is cracked around 
them and broken into the face? If you lose your longwall face, which you say is 
producing 600 tons a day, you have cut down your production 600 tons until you get 
a new face, whereas if you lose the face on a narrow pillar, you have lost very little. 
In other words, 99 times out of 100 you can place the man in another pillar if he is 
willing to go, so that system does not lose you the tonnage. 

R. y. Williams. — ^That is so important, may I say one more word. With jacks 
the work is different from that with timbering. About a year ago, we had occasion 
at one mine to shut down three long faces for four months. At the end of four months 
the order went in to start the three faces. Two of those faces were started without 
one iota of work required to clean them up. The third face required about 
six men for 8 hr., and the reason for that was that that face happened to be in 
a fault at the time that the order to shut down took place, and at that point there 
was a heavy fall. 

The strength, the rigidity, and the movability of jacks will make you absolutely 
free of the union committee coming in and saying, ‘‘If you don’t give us what we want, 
we will strike tomorrow and you will lose your face.” We have never had any sus- 
picions of anyiihing causing us to lose the face. We have passed, under faults, and 
rock cracks almost parallel with the face — one was big enough to get one’s arm in — 
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and yet we swept right under. That four months’ stoppage was one of the most 
interesting lessons we learned from our control of roof on longwall faces. 

J. B, Dilworth, Philadelphia, Pa. — take it from Mr. Williams’ paper that his 
longwall system of mining is predicated largely on the successful use of loading 
machines. It seems to me that this is its main weakness; though certainly if these 
machines can be used successfully at all, their highest efficiency should be shown when 
working along such longwall faces. The main positive results of these experiments 
then, as Mr, Williams has so well brought out, is that the jacks have solved the 
problem that has almost universally stumped the longwall miners in this country — 
that is, the problem of holding up the roof. But even though these jacks solve the 
big problem of roof control, a difficulty that still remains is the effective loading of 
coal by machines. A loac^g machine will not work very well in thin coal, and if 
there are partings in the seam that means trouble when the coal is loaded out. Those 
two points, it seems to me, are very important factors because so much of the coun- 
try’s coal comes from thin or parted seams. 

E.. M. Gates, New York, N. Y. — There are more problems connected with this 
subject than the mere designing of various mechanisms. The mechanical engineers 
can, I believe, design machines to move anything or to support anything provided the 
mining engineers give them sufficient space for the machine to operate. 

The capacity of a steam shovel is not the size of the dipper nor how fast it can 
move. Its capacity is limited by your ability to take the material away from the 
shovel or your ability to keep the shovel up .against the face of the bank which you 
are working. This is just as applicable in a coal mine as it is in purely strip- 
ping operations. 

The problem before us is largely one of cooperation. The mechanical engineer is 
not able to develop, in a satisfactory manner, a machine to do the many tasks discussed 
this evening unless he has complete knowledge as to the factors that will enter into the 
economic operation of such a machine. It is not always possible for the inventor or 
designer of such class of equipment to be experienced mining operators. Therefore, 
it is essential that there be very close cooperation between the mining engineer and 
the mechanical designer. 

Generally, in the successful development of a new device, it is necessary also that 
the operator change his methods as to give an opportunity for the best fimctioning of 
a machine. In my experience in the mining field, I have felt the great lack of this 
cooperation which is essential for the successful development of machinery which you 
operating men can use effectively. The success of a particular machine is dependent 
upon the proper functioning of the other machines with which it is in series; also those 
factors that directly or indirectly affect its capacity. 

H. Louis, Newcastle-on-Tyne, England (written discussion), — While I can fully 
believe the advantages claimed for mechanized longwall working in the cases quoted 
by Mr. Williams, and am prepared to agree that similar advantages can be obtained 
in a number of similar cases, I feel compelled to enter a caveat against the dogmatism 
implied in his paper that such a method must necessarily be best in every case. I have 
known mines where room-and-pillar working was replaced by longwall working with 
much advantage, ahd I know others where room-and-pillar working is in successful 
use today and where longwall would be hopelessly impracticable. To quote a sen- 
tence from H. F. Bulman’s recent book, “The Working of Coal and Other Stratified 
Minerals” (p. 83): “Greneralizations are generally misleading.” There is such an 
infinite diversity in the mode of occurrence of coal seams that the only safe statement 
to make is that there is no one best method of working all of them but that each case 
requires separate consideration. The comparison instituted by Mr. Williams between 
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his mechanized longwall and what he is pleased to call room-and-pillar working breaks 
down on account of the fact that his so-called room-and-pillar is not room-and-pillar 
working at all as we understand it in this country. No better evidence of this could be 
given than is found in the phrase on page 239 of his paper; “If pillars are later robbed.” 
This “if” gives his case away; we got beyond that over 100 years ago, and no one 
would dream today of laying out room-and-pillar workings save with the intention of 
keeping his pillars of such a size that they can safely be won off. In this respect, it 
is a matter of indifference whether the narrow work is completed first before “broken 
working” commences or whether the latter closely follows the narrow work. What 
Mr. Williams calls room-and-pillar working appears in fact to be a kind of stall work- 
ing. If he wants to know what room-and-pillar working properly worked is like, I 
would advise him to read the work by Mr. Bulman, in which is given the definition: 
“In this method of working there are two stages: (1) the driving of headings at right 
angles to each other so as to form pillars. This is known as ‘Whole ’ working . . . 
(2) the removal of pillars, which is known as ‘Broken' working.” Mr, Williams 
would then see the defects of his so-called room-and-pillar method. For example, he 
says that the number of places per 100 tons output per day averages around 20 work- 
ing places. In one example quoted by Mr, Bulman (p. 93) he gives an example of a 
complete panel “containing 10 ‘whole' places, and. 3 or 4 ‘broken' lifts.” The 
output reaches 200 tons with an output per person employed per shift of 42 cwt., 
which is probably considerably less than Mr. Williams is assuming. In other words, 
modem British room-and-pillar is more than twice as efficient per working place as 
the method to which Mr. Williams applies that term. I hold that the mechanization 
of the coal face presents such obvious and such important advantages that there is no 
need to attempt to strengthen the case by unfair comparisons, but it must also not be 
forgotten that true modem room-and-pillar working lends itself quite well to a con- 
siderable amount of mechanization. 

I take it that the method advocated by Mr. Williams is a sound one and would 
prove successful in a good many cases; I should object, however, to his method of 
leaving a narrow rib of coal on either side of his roadways instead of taking out the 
whole of the coal and replacing it by substantial pack-walls, as is far the more usual 
method. There may no doubt be cases in. which the leaving of a rib of coal may bo 
found to be advantageous, but in a coal liable to spontaneous combustion I can con- 
ceive of no means better adapted to invite that disaster than to leave a narrow rib of 
coal between goaf on the one side and a roadway on the other. Everyone who has 
had to do with coals of that character knows that it is imperative to get out every 
particle of coal as far as humanly possible, and above all to leave no ribs exposed to 
heavy crush and to air currents at the same time. 

W. R. Chedsby, State College, Pa. (written discussion) . — I have long been an 
advocate of the longwall system of mining for flat and gently dipping beds or any- 
where else that it could be properly applied; also, I thoroughly beheve in the ultimate 
economy of the retreating system, even though more capital is necessary in the early 
stages of' an operation. This can be to some extent reduced by production from one 
area of a mine on an advancing face while development work is being carried to the 
proper boundary to start a retreating face or series of faces. I have had a little experi- 
ence in longwall mining and have seen a little more on short trips to such mines and it 
has been my observation that on a full retreating system control of the roof pressure 
is more easily gained than on an advancing face where pack walls, entry pillars, or 
other supports must be left in. 

Mr. Williams speaks of steel “jacks.” I infer that they are not adjustable, at 
least through very much of a range of length, and I believe that they fall more prop- 
erly into a class which years ago was called collapsible steel supports or props. 
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A point which Mr. Williams failed to mention is that occasionally the roof la^'ers 
bend from the outer row of supports to the floor in the caved ” portions without any 
decided break. It was something of a surprise to me to find that rocks could be flexi- 
ble enough to do this without more breakage. 

The requirements of the perfect longwaH face, as set forth in the paper, are 
undoubtedly an improvement over the old idea of longwall as being one continuous 
face around the entire mine, in that the work can be more systematized on the shorter 
or continuous faces as outlined by Mr. Williams. 

Mr. Williams mentioned that his experience has been in beds too thin for loaders 
now on the market and I would be interested in knowing if they had tried, and with 
what success, the scraper loader instead of a shoveling machine and the face conveyor. 
I have seen scraper loaders used in several of the systems or so-called concentrated 
mining with complete success so far as the operation of the scraper is concerned 
except, perhaps, from the standpoint of degradation of some of the coal, and perhaps 
also of introducing a little more floor dirt into the coal as hauled from the mine. 

M. J. Conway, Coatesville, Pa. (written discussion). — Mr. WiUiams has treated 
his subject with extreme clarity within the scope of his paper. Longwall mining if 
properly engineered is by far the most desirable method of coal getting in beds of 
medium thickness, but as pointed out by Mr. Williams, the various moves have to be 
carried out with a precision not usually found in mining methods and a mine that is 
planning on longwall development should also plan on a scheme of vocational training 
for the men who are going to be the key men in handling the system. 

The importance of training as a precautionary measure can be readily seen. If 
something happens to prevent the getting of one longwall face for one day, the mine 
output suffers a loss of from 300 to 500 tons with greater difficulties to be experienced 
in obtaining the required tonnage on the next day. 

Even with the pack-wall and brushing method of advancing longwall, tonnage can 
be produced in 3 ft. 0 in. to 5 ft. 0 in. seams on a cost basis comparable with room-and' 
pillar development with greater ease of supervision, ventilation and traffic control in 
addition to a certain degree of prevention of coal dust explosion due to the rock dust 
formed by the preliminary and back brushing. 

In any type of longwall, too much stress cannot be given to the importance of 
keeping the wall straight, and the face should be frequently checked and squaring 
up’' cuts made as often as necessary. 

In general, longwall mining lends itself to mechanization and therefore lower cost 
more than any other form of mining but a full measure of success will not be realized 
until the coal companies working this method train their men in the necessary fundar 
mentals and teach them the reason for the sequence of the steps in the operation. 
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Blasting Coal Effectively and Safely in Southern Illinois* 

By J. E, Tiffany t and S. S. Ltjbelsky^ Pittsburgh, Pa. 

(New York Meeting, February, 1928) 

For blasting in coal mines the U. S. Bureau of Mines recommends 
that permissible explosives be used exclusively, that these shall be fired 
electrically, and that where feasible the working place shall be cut or 
sheared. These recommendations are made to promote safety and pre- 
vent mine explosions. 

Although permissible explosives are not flameless, their lower flame 
temperature and shorter duration of flame make their use safer than that 
of nonpermissible explosives. Mixtures of air with both methane and 
bituminous coal dust, which are liable to occur in coal mines, may be 
ignited by coming in contact with any type of flame or spark of sufficient 
temperature and duration or by the firing of a blast. In a working place 
where a blast is to be fired, in addition to the use of permissible explosives, 
adequate ventilation for the dilution and removal of accumulations or 
outbursts of flammable gas should be provided. Bituminous coal mines 
should be rock-dusted as a means of rendering the coal dust harmless. 

The efficient use of permissible explosives depends upon the proper 
preparation of the working place, standardized drilling, the strength char- 
acteristics of the explosive, and the use of a proper weight of charge. 
Experienced shotfirers should load, tamp and fire all holes. 

The major part of the information and data here presented is based 
on the results of efficiency tests made in large producing mines of Pennsyl- 
vania and Illinois. Bureau of Mines Report of Investigations, Serial No. 
2697, describes how a standard method of blasting was worked out and 
put into operation in a mine in southern Illinois.^ This paper contains a 
description of the methods worked out subsequently in another mine in 
that district. 

Descriptions of tests in two Pennsylvania mines are given in Bulle- 
tins 11 and 19 of the Carnegie Institute of Technology.® These tests 

* Published by permission of the Director, U. S. Bureau of Mines. 

t Explosives Testing Engineer, Pittsburgh Experiment Station. 

i Assistant Engineer, 17. S. Bureau of Mines. 

* J. E. Tiffany and J. J. MoKitteriok: Methods of Increasing Lump Coal Produc- 
tion, with Especial Reference to Southern Illinois. U. S. Bur. Mines Rept. of 
Investigations No. 2697 (1925). 

* J. E. Tiffany and C. W. Nelson: Efficiency in Blasting Coal, Production of 
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included quantitative determinations of the percentages of lump coal 
produced by two cuts in each of four adjacent rooms. The methods of 
blasting were varied, as were the brands of permissible explosives used. 
The natural conditions surrounding the tests remained as nearly similar 
as possible. In the two Pennsylvania mines, where tests were made, the 
Pittsburgh coal was worked and in the two Illinois mines the No. 6 bed of 
the Illinois series was worked. 

Safety and Other Characteristics op Permissible Explosives 

The principal tests of permissible explosives made by the Bureau of 
Mines established their safety when fired in the presence of gas and finely 
ground bituminous coal dust. Other tests are made to measure the 
strength characteristics of these explosives, such as the average weight of 
a 1^ by 8-in. cartridge; the unit deflective charge; and the rate of detona- 
tion. These characteristics have an influence on the effectiveness of the 
work done when these explosives are fixed in blasting coal and govern the 
weight of charge necessary to bring down the coal. 

Unit Deflective Charge 

The unit deflective charge is that weight of an explosive in grams that 
gives the same swing on the ballistic pendulum as 227 g. (K lb.) of 
Pittsburgh testing station standard 40 per cent, straight nitroglycerin 
dynamite; it is a measure of the propulsive strength of the explosive on a 
weight basis. In changing from one explosive to another, the proper 
charges to be used can be computed by knowing for each explosive the 
unit deflective charge and the weight of a 1J4 by 8-in. cartridge. A few 
examples will show the method of computation. 

Computing Charges 

First, assume that an explosive, which can be designated as brand 
“A,” is being used in blasting the coal at a certain ihine. Assume further 
that this explosive has a unit deflective charge of 235 g. and that 
each 1)4 by S-in. cartridge weighs 170 g. Where three cartridges 
are used in a hole, the weight of charge would be 510 g. The use of 
an explosive “ B ” is contemplated in place of “ A ” because the former has 
a lower density, which usually tends toward a higher production of lump 
coal. The explosive “B” has a unit deflective charge of 245 g. and 
the weight of a by 8-in. cartridge is 125 g. A greater weight of 
“B” is required than of “A" because their deflective strengths are as 
235: 245. It will therefore be necessary to use; 

245 X 610 -J- 235 = 532 g. of “B” 
or 532 - 5 - 125 = 4)4 cartridges 

A charge of 4)4 cartridges of “B” can then be tried to ascertain 
whether it will bring down the coal in a proper manner. Generally, a 



276 


BLASTING COAL EFFECTIVELY AND SAFELY 


change in explosive to one of less density will demonstrate either that the 
new explosive is not of sufficient strength to shoot down the coal properly 
and therefore cannot be used, or that the coal is brought down and shat- 
tered at the front of the cut. Subsequent charges should be regulated 
according to the results obtained in the trial shots. 

Where a denser explosive “C” is proposed for use, the charge ean be 
computed in a similar manner. The explosive “C” has a unit deflec- 
tive charge and weight of a 1^ by 8-in. cartridge of 214 and 185 g., 
respectively. By computation, the charge is 2J^ cartridges. In this 
case it will be found that if the coal is not brought down at the front of the 
cut, the use of more explosive will probably cause undue shattering of the 
coal and therefore may not under such conditions be a satisfactory explo- 
sive to use in this particular instance. 

Rate of Detonation 

The foregoing considerations do not take into account the relative 
shattering effect of the explosive. To a large extent this effect depends 
upon the rate of detonation, which is determined by the Bureau of Mines 
by means of the Mettegang recorder. 

In order to determine the effect of using explosives with varying rates 
of detonation, quantitative tests were carried out in a Pennsylvania 
mine where the Pittsburgh bed was worked.' In these tests trials were 
made with five different permissible explosives. Four rooms were 
selected and cut twice for each brand of explosive. After the coal had 
been shot down it was loaded into the mine cars in the customary manner 
and hauled to the tipple. There, it was weighed as run-of-mine and 
then screened. The 134-in. lump passed to a weigh-pan. The results 
were based on the mining of about 250 tons of coal for each type of 
explosive. There was 4.7 per cent, more lump coal produced when the 
result of blasting with an explosive, which had an intermediate rate, was 
compared with the one which had the lowest rate of detonation. Although 
these particular tests did not extend to other mines, the writers are of the 
opinion that there is one rate of detonation which will produce a maxi- 
mum quantity of lump coal for any particular coal mine. Under a 
given conditon however, this critical rate of detonation may vary with 
the nature of coal. 

Direction and Width of Working Place 

In many mines in southern Illinois which work the No. 6 bed, the 
approximate angle between the direction of the working places and the 
face cleat planes is 46°, because the working places are usually driven 
either north and south or east and west. The direction of the face 
cleats is usually about N. 45° W. In such places the working faces tend 
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to overhang, particularly if the holes are not drilled deep enough. It 
would not, in most cases, be feasible to change the direction of the working 
places because the layouts are usually too well established. It is there- 
fore necessary to drill to the best advantage under the conditions pre- 
sented. With possibly some exceptions, it is generally found that the 
highest percentage of lump coal is attained when the principal working 
places are driven on the face — that is to say, at right angles to the direc- 
tion of the face cleat. 

In a Pennsylvania mine additional tests, similar to those already ' 
described for the same mine, were made to ascertain the effects of driving 
on both the face and butt. The drilling and blasting were done in a 
uniform manner. It was found that in a butt entry 10 ft. wide and with 
the coal slightly more than 7 ft, thick, 54 per cent, of the coal screened 
on the tipple was 1^-in. lump coal. Trials were then made in places 18 
ft. wide driven on the butt. Under this changed condition the lump 
coal percentage was increased to 56.8 per cent. On the other hand, when 
the working place was only 10 ft. wide and driven on the face, a 57.7 
per cent, srield of 1^-in. lump coal was obtained. In rooms 18 ft. wide 
driven on the face the percentage of lump coal was 59.1 per cent. 

Use op Flat Holes 

The effect of another variable was determined by making similar 
tests in which a comparison could be made of the use of holes drilled 
nearly flat — ^that is, almost parallel to the bedding planes — and those 
having a steep inclination. There was 5.1 per cent, more lump coal by 
the former method, which produced 64.2 per cent, of IJ^-in. lump coal. 

Suggested Procedure in Improving Blasting Practice 

In studying blasting practices in mines and in devising improved 
methods, there are many things to be taken into consideration, such as 
the thickness and pitch of the coal bed; thickness of its cover; the number, 
thickness, and extent of partings; the definiteness, number and distance 
apart of the face and butt cleats, and toughness and brittleness of the 
coal. Current blasting methods should be studied. In southern Illi- 
nois, where the No. 6 bed is worked, 14 to 24 in. of coal is left in place 
for roof support. This roof coal is immediately above a persistent parting 
of mother coal which makes a plane of separation between the roof coal 
and the coal that is blasted. When a bed does not have a parting at 
the underside of the roof coal, the use of top-cutting machines can be 
considered. 

Peepaeinq the Face 

Aside from the fine coal arising from the firing of excessively large 
charges, the percentages of the smaller sizes of coal tend to increase with 
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the amount of pick work, which is required to bring down the coal from 
the face after the blast. The minimum amount of such pick work can 
only be realized by the proper carrying out of the operations involved 
in preparing the face. These operations will now be enumerated.’ 

Cutting 

The purpose of makrng a cut (under cut, middle cut, top cut, or shear) 
is to provide an additional free face, because two or more free faces in a 
working place afford a better chance for the explosive to bring down the 
coal than those with only one free face and aids in loosening the coal so 
that the product after blasting tends to be blocky and firm. 

An under cut is generally the most efiicient form of cut. A middle cut 
or over cut may be used instead of an under cut when some particular 
physical conditions such as the presence of shale or bone bands, impurities 
near or at the top of the bed, or bad roof conditions exist. 

Cutting Machines and Mechanical Loaders 

Cuts of many kinds can be made mechanically by machines. There 
has been an increased use of shearing machines in conjunction with 
mechanical loaders. 'Where a shearing cut (or vertical cut) is made, 
there must be a proper combmation of shearing, snubbing, and placement 
of holes in order to obtain the best results by the use of mechanical 
loaders, because the results will depend upon the manner in which the 
coal is shaken up. The loading device should be able to take up all the 
coal readily and it is important to have the ribs properly cleaned. 

Cleaning and Loading Out Cuttings 

Studies by the U. S. Bureau of Mines have shown it to be essential 
that these cuts be made of uniform depth and square at the corners, also 
that close attention should be given to the cleaning out of the cut, 
so that all coal dust and other broken coal is removed before shooting. A 
scraper or long-handled shovel is the best tool for this purpose. The 
coal thus removed should be loaded in mine cars and removed from the 
working place before blasting. This will reduce the dangers arising from 
the presence of coal dust. 

Relation between Blasting and Coal Loading 

The importance of loading out all coal loosened by a shot before 
firing the next shot is shown by the results of two tests. In the first 
test aU of the coal brought down or loosened (about 30 tons) by the rib 
shot, which was fired first, was loaded out before firing the second hole. 
This method resulted iu the production, by actual screen test at the tipple, 
of 59.1 per cent, of 1^-in. lump coal from the entire cut. In the second 



J. E. TIEPANT AKD S. S. LUBELSKT 


279 


test the quantity of coal loaded out before firing the second shot was 
only 8 tons. This was the minimum quantity that had to be removed in 
order that the miner could shear in along the rib to the back of the cut 
on the side where the first shot was fired. By this latter method there 
was only 56.5 per cent, of l^^-in. lump coal produced from the entire 
cut, or 2.6 per cent, less than by the first method. 

Snubbing 

Snubbing increases the height of the under cut and provides a means 
for the front portion of the coal to roll forward when loosened by the 
blast. As a rule the hand method of snubbing is employed. 

One practice is to remove, by hand, from along the entire length of the 
face, with a wedge or pick, a wedge-shaped portion of coal from above 
the under cut. As a rule the snubbing is about 18 in. high in front and 
extends back until it tapers out at about one-half the depth of the 
undercutting. 

Sometimes the snubbing is done by firing light charges of explosives 
in short low holes. Mechanical methods of snubbing have been tried 
but have met with little or no success. 

Placement of Holes 

The number and the placement of holes are by far the most important 
considerations in successful blasting. Of course, practice varies widely, 
and depends upon natural conditions, which in turn depend upon such 
physical characteristics of the coal as to texture, hardness, friability, 
presence of impurities, the relative ease of its separation from the roof 
or floor, the weight due to the thickness of cover, and the pitch and 
thickness of the bed. 

The number of holes required for a working place vary from two to 
five or more. Only two holes are used in some mines working the Ktts- 
burgh bed, one at each rib. Where the production of lump coal is one 
of the major considerations, the best results are obtained by using as 
few holes as possible, provided that an extra large charge is not used in 
any one hole. On the other hand, it has been observed in mines where 
very thick beds of coal are worked that a large proportion of the fine 
coal is due to an insufficient number of holes. Where the number of 
holes per round is increased, the total weight of explosive originally 
used should be distributed between the additional holes. 

The holes should be drilled only after the working place has been 
cut, otherwise their placement may not bear the proper relation to the cut. 

Some tests made in a mine working the Pittsburgh bed showed that 
each rib hole should be placed 12 in. from the rib and the same distance 
below the roof, also that the hole should be almost flat and parallel to the 
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line of sights. However, in the tougher coal beds of southern Illinois, as 
represented by the No. 6 bed of the series, it is found necessary to increase 
the distance between the rib and hole to as much as 2 or even 3 feet. 

Method op Drilling and Blasting in Southeen Illinois 

During a recent investigation in a mine in southern Illinois, the’ most 
desirable placement of holes was determined for both rooms and entries 
for this particular mine. Where the coal was loaded by hand, the holes 
were drilled by hand using augers mounted on posts. Holes were 
electrically drilled in rooms where mechanical loaders were used. The 
figures accompanying this paper are only intended to illustrate methods 
which were successfully used in two southern Illinois mines. For hand 



Fig. 1. — Method toe deilding and blasting foe hand loading in eooms. No. 6 

BED, Southeen Illinois. 

Where it is feasible shots should be fired separately and the coal loaded up after 
each shot. Usually the center hole is fired first, then the rib holes. The charges of 
permissible explosive to be used for each rib hole should not exceed lb. and for 
the buster shot in center hole lb. will usually be enough. 

loading in rooms, the placement of holes is as shown in Fig. 1 and for 
entries as in Fig. 2. For mechanical loading in rooms, the methods 
shown in Figs. 3 and 4 were used. Figs. 1 to 4, inclusive, refer to methods 
employed in mines working the No. 6 bed of southern Illinois. As pre- 
viously stated, in these min es 14 to 24 in. of coal is left in place to support 
the roof, and there is a persistent parting of mother coal on the underside 
of the roof coal. In the upper third of the bed there are several other 
partings of mother coal. The chief impurity in the bed is the “blue” 
band, which is a gray shale parting of 1 or 2 in. in thickness, about 30 in. 
above the bottom of the bed. Locally, the bed contains pyritic impuri- 
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ties in the form of lenses and boulders; the latter are found below the 
blue band. In Figs. 1 to 3, inclusive, the holes are placed 12 in. below 



Fig. 2. — Method for drilling and blasting in entries, No. 6 bed, Southern 

Illinois. 

When the coal is not snubbed an additional hole should be drilled in the center 
of the entry just above the blue band. The charge should be lb. of a permissible 
explosive. Not more than 1J4 lb. of a permissible explosive should be used for each 
hole and each hole should be fired separately. 



Fig. 3. — Method for drilling and blasting for mechanical loading in rooms 

WITH ONE SHEAR, No. 6 BED, SOUTHERN ILLINOIS. 

Not more than lb. of a permissible explosive should be used for each hole 
and each hole should be fired separately in the order as numbered. 

the roof parting. They are nearly flat and do not rise more than 4 in. in 
their entire length. 
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Hazard in Drilling into the Roof Coal 
There is a tendency to incline the holes to such an extent that they 
are frequently drilled through the parting and into the roof coal. This 



Fig. 4. — Method fob dbilling and blasting for mechanical loading in rooms 

WITH TWO SHEARS, No. 6 BED, SOUTHERN ILLINOIS. 

The shots are fired separately, first the lower holes and then the upper holes. 



Fig. 5. — Fall op roof due to improper shooting. 


practice is very bad and increases the dangers of mining. The effect 
of drilling into the roof coal of the No. 6 bed in southern Illinois is to 
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break it and allow the shale above the coal to fall, as shown in Fig. 5. 
The operations involved in cleaning up a fall and timbering the broken 
roof make additional costs and hazard. 

In some sections of a Pennsylvania mine which was investigated, it 
was found that the coal would not separate readily from a slate roof. 
Here it was advisable to incline the holes so that they would just touch 
the roof at the back of the hole. 

Direction of Rib Hole 

It has been pointed out that a rib hole should be parallel to the line of 
sights. However, it is common practice to drill it in a direction that is 
parallel to the side of the undercut, and if this is not square such a hole 
is liable to be drilled on the solid. Usually the driller is not aware of this 
because he does not always take into account changes in the direction of 
the side of the undercut that usually occur near the back of the undercut, 
which has not been made square. 

The firing of a hole drilled on the solid is very dangerous and gives 
poor results; it is liable to be the cause of a blown-out shot, and also of 
badly shattered coal adjacent to the hole. 

Overhanging Faces and Bibs 

Overhanging faces and ribs are caused principally by poorly placed or 
shallow holes. When holes are drilled only 6 ft. deep for a 7-ft. undercut 



Fig. 6. — ^Diagram showing the bpvbct or shallow holes. 

there is a tendency for the overhang to increase about one foot after each 
cut has been cleaned up. Only that portion of the hole which is vertically 
above the undercut can be considered effective (see Fig. 6). In one 
southern Illinois mine 13 rooms were visited at random and measure- 
ments made of the three holes in each room. The average depth 
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of hole was 76 in. with an average overhang of 25 in. Fig. 6 shows a 
section in one of these rooms where there is an overhang of 36 in. One of 
the holes was drilled to a depth of 78 in., as shown. This would have 
been the proper depth of hole for one drilled in a vertical face from 6 to d, 
but with the overhanging face the depth of the hole should be increased 
36 in. or the amount of the overhang at the mouth of the hole. 

The firing of a charge of explosive in a shallow hole abc will tend to 
shatter that portion of the coal represented by efgh, while that in the 
portion cgi is broken only to a slight extent and can be brought down only 
by an excessive amount of pick work. The portion hji*is not affected 
by the blast. The overhang at h has been increased by 6 in. For the 
most efficient blasting the quantity of coal in the portion efgh should be as 
large as possible and that from cgi as small as possible. 

Depth of Hole 

The hole should be drilled 6 in. short of the undercut. A vertical 
line projected from the back end of a hole which has been drilled to 
this depth will intersect the plane of the undercut at 6 in. in front of the 
back of the undercut. 

Shorter holes than these cause the face to overhang. Faces overhang- 
ing from 3 or 4 ft. were frequently observed. The excuses made for 
gripping a cut at the ribs have been that an overhang of face or ribs 
existed that would not permit the proper operation of the undercut- 
ting machine. 

Another claim somewhat frequently made in mines operating in the 
No. 6 bed of southern Illinois is that the explosive breaks the coal ahead 
of the end of the hole and toward the back of the cut, but this claim was 
not substantiated in any of a large number of observations in one of 
these mines, although it might be so under other conditions. 

Charges to Be Used 

After conditions have been improved by the proper preparation of the 
face, attention can then be directed to any necessary reduction in the 
weight of the charge of explosive used. The charge should not be reduced 
to the extent that the coal is not brought down with certainty. 

Air-spaced Shots 

The, shattering effect of permissible explosives can be reduced by the 
use of air-spaced shots. There are a number of ways of doing this, but 
the one that generally gives the best results is by reducing the diameter 
of the cartridge of explosive, when the diameter of the drill-hole remains 
the same. In one of the investigations in southern Illinois the size of cart- 
ridge was changed from 1% by 6^ in. to 134 by 8 in. By this and other 
changes the quantity of explosive used was reduced by 10 per cent., and 
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there was an increase of 2 per cent, in the quantity of 6-in. lump coal 
produced. However, in other mines where tests were carried out the 
weight of the charges could not always be reduced when air-spaeing was 
used, and the advantages of air-spacing were confined to improvements 
in the firmness and size of lump produced. 

Method of Charging Air-spaced Shots 

Where the shots are air-spaced by reducing the diameter of the cart- 
ridge, all of the cartridges required for a charge should be placed in the 
mouth of the hole at one time because this procedure minimizes the lodg- 
ment of coal dust between the ends of the cartridges. The cartridges 
should not be slit and rammed. The cartridges should be pushed to the 
back of the hole with a wooden tamping stick. 

Use of Stemming 

Noncombustible stemming only should be used; coal dust or slack 
invites disaster by explosion. Clay is a very suitable material for stem- 
ming because it is plastic when moist and can then be made into “dum- 
mies.” The first two dummies should be pressed lightly against the 
explosive. The tamping of the remaining portion of the stemming 
should be done with greater force until the borehole is filled to the collar. 
Before firing, the place should be inspected for gas. If methane is found 
the shots should not be fired until the methane has been removed. 

Firing the Shot 

A firing cable not less than 100 ft. long should be used. The shotfirer 
should use a permissible single-shot blasting unit. The shot should not 
be fired except from some point where the shotfirer wiU be protected from 
flying pieces of coal. He should always give warning to the other workers 
prior to firing. 

Recommendations for Production of Lump Coal 

The following recommendations, if properly carried out, should 
increase the production of lump coal: 

1. The principal working places should be driven at right angles to 
the face cleats. 

2. In order to control the placement of holes it is preferable to have 
them drilled by shotfirers or by others experienced in drilling coal, rather 
t.b^T> by the miners. The loading, tamping and firing of shots should be 
performed by shotfirers and not by miners. 

3. Overhanging working faces should be eliminated as much as 
possible. These arise generally as a result of the holes being of insufficient 
depth or poorly placed, or both. 
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4. The use of water jets on the cutter-bars greatly reduces the produc- 
tion of and danger from dry coal dust. The undercut should be of 
uniform depth and square at the corners. A straight rib line should 
be maintained. 

5. Before blasting, machine cuttings (bug dust) should be removed 
from the cut and should be moved several feet from the face, or preferably 
loaded out. 

6. The exclusive use of permissible explosives, electrically fired, is 
recommended for coal mines and if feasible, the working places should 
be cut or sheared. 

7. Before loading the holes with explosive and stemming, the coal dust, 
which was produced in drilling the holes, should be removed as completely 
as possible. 

8. The charges for each type of hole should be standardized. 

9. The holes should, wherever feasible, be fired separately and the 
coal loosened by the blast should be loaded out before firing a subse- 
quent shot. 

DISCUSSION 

W. J. German, Huntington, W. Va. — Although this paper is mostly about Illinois, 
in some ways it applies to other mining fields. 

Regarding safety, much danger comes from one bad practice; namely, not seeing 
that all miners are equipped with suitable scrapers for getting the cuttings out of 
the borehole so that the explosive fast charges can be forced to the back of the hole. 
Often the explosive charge gets halfway back in the hole and when the shot fireman 
comes around, he tamps it where it is, which is the cause of much unsafe and unsatis- 
factory blasting. 

In the last paragraph, the paper says that the coal should be loaded out from 
the breaker shot before the second shot is fired. That, of course, is not possible 
in Illinois because of the Illinois mining law, even though it is a great advantage and 
people in other states are enjoying that advantage. 

Another bad practice that has been covered thoroughly in the paper is the drilling 
of holes before the places are undercut. This is going on generally in a great many 
states and something should be done to prevent it. 

In regard to the question of cutting the ribs square, I find that many machine 
men prefer to sump in a little off to the side, because it eliminates about two settings 
up of the j'ack. Even though they continue to do this, the holes should be bored 
parallel with the center line of the place. 

The practice of loading or charging boreholes before the places are cut is very bad, 
and is carried on extensively. It is dangerous because one shot may pull a great 
deal more coal than expected and the second shot is likely to be a blowout shot, 
I have seen many accidents caused by such practice. 

The importance of the rate of detonation is a great argument among coal men 
and powder men. About three years ago there was quite a demand for permissible 
explosives that would eliminate the use of dynamite in the mines. A gelatin per- 
33aissible was developed which proved satisfactory to take care of such work as ditching 
and rock tunneling and in blasting in coal seams where heavy rock partings are 
encoxmtered. This explosive has been used in some coal blasting. Its speed is over 
15,000 ft. per sec. and it has replaced explosives with a speed of only 7000 ft. per 
second. 
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Here is a letter from one of the companies handling the coal from these mines and 
an accompanying photograph (Fig. 7). The letter says: 

‘‘We enclose two kodak pictures showing lump coal from your operations consigned 
Tide 437 which was loaded into Barge Tennessee at Newport News on August 18. 

“Coal of this size does considerable damage to the slide boxes and chutes on 
our coal piers and is also damaging vessels when loading, as well as delays loading on 
account of large lumps clogging up the chutes. 

“Would it be practicable for you to reduce the size of such lumps when loading?' 



Fig. 7. — Coal too large for safe handling. 


Direction of Holes 

The section on use of flat holes is one of the high spots of Mr. Tiffany's paper. In 
my study of many blasting problems over the country, I find the workers will bore a 
hole pitching up just because it is easier to drill, where much better results would be 
obtained if they would bore the hole straight in on the level of the coal seam. This 
applies also in connection with mechanical loading where coal is cut on the top or in the 
center, leaving thick bottom benches to shoot. This is the reason: When you are 
boring on a pitch either up or down there are no two holes that go to the same depth; 
but if you bore from the bottom or even with the top, the auger can be put into the 
cut and marked with chalk to know the exact depth and all holes can be bored to the 
proper depth. It is a practice worth considering and I am glad it was brought out so 
forcibly in the paper. 

Many misfires are caused by bad cables. The Paragon Electric Co. of Chicago 
has made an extensive study on what*is required as a cable for blasting in coal poines 
and has developed an inexpensive cable in 100-ft. coils, rubber-covered, each wire 
msulated separately and high-grade rubber on the outside. About 60 per cent, of the 
complaints I have investigated on electric blasting caps and electric squibs are due to 
bad cables, and the information on these cables can be obtained from the Paragon 
Electric Co. 
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Just one more question: Is there any cause or reason why we have not changed 
over to the use of permissible explosives exclusively ? 

J. Barab, Wilmington, Dcl.—The paper has brought out some important points, 
and most important, to my mind, are the recommendations for drilling holes properly 
and cutting and removing the cuttings. That may seem to be a matter of repetition, 
but it has not been brought home to a great many operators. I can not see the 
reason for cutting the coal if you are not going to remove the cuttings. The object 
is to give another free face, and if the cuttings are left in, there will not be another 
free face, so why spend that e&ctra money? 

As Mr. German says, the rate of detonation is something to which much thought 
can be devoted. The authors say: “Although these particular tests did not extend 
to other mines, the writers are of the opinion that there is one rate of detonation 
which will produce a maximum quantity of lump coal for any particular coal mine/' 
It seems to me that that is a rather broad statement. It is pretty well known that 
the higher the rate, the greater the shattering effect, and while that may be open to 
some discussion on account of different conditions, as Mr. German pointed out, with 
an explosive of 15,000 ft. per sec. the operators had a complaint on account of too 
much lump coal. The important factor is to select the proper explosive, particularly 
as to strength and density, for the conditions under which you are working. 

The authors say that in one case they had a saving of 10 per cent, from air-spacing. 
We have done some investigating on that line and have found that 10 per cent, is a 
rather conservative figure on the saving of explosives over the use of the same explo- 
sives without air-spacing. That seems reasonable, because the object of air-spacing 
is to increase the lump coal and reduce loss; it requires a certain amount of energy 
to shatter the coal and if the explosive is used in such a manner as to give only large 
lumps not so much energy will be needed. 

E. . H. Shriver, Nellis, W. Va . — The recommendation regarding permissible 
explosives seems to me entirely too broad. The use of permissible explosives is 
advocated to effect a greater safety of the men in the mines. The statistics of the 
U. S. Bureau of Mines show that far more men have been killed by falls of roof or 
coal than have been killed by catastrophes caused by explosives. 

The mine with which I am connected carried out some tests last winter with 
the idea of using permissible explosives entirely as a safety proposition. We found 
that we would increase the hazards instead of decreasing them because our roof is 
so tender that the increased shattering effect of the permissible explosives over 
black powder brought about a greater hazard to the individual loader. As a result 
of these experiments, we determined on the use of compressed powder (or to use the 
trade name, Pellet Powder) fired electrically. We do not permit fuses. In min^ 
where the content of gas is not so great as to cause the use of closed lights, or where 
the amount of coal dust is not so large as to render it dangerous from the flame stand- 
point, we believe that compressed powder is preferable to permissible. 

The lump proposition did not affect our particular mines because our coal is 
crushed. The only reason we desire lump coal is for greater ease in cleaning. We 
did not adopt compressed powder for that reason. It was simply a safety measure. 

J. EIbely, Kajrford, W. Va. — Since the compressed or Pellet Powder has been 
mentioned, I want to tell some things that I have found out recently. We were using 
the permissible because in certain very wet. places where we were center-cutting the 
coal and shooting the bottom, and had a great deal of moisture in the bottom, we 
found that we were shattering it clear out of reason with the permissible explosives. 
We adopted the Pellet Powder because it could be shot in damper places and 
take the place of Monibel, the trade name of the permissible we are using. We 
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found that ^’e got a difference of about 9 per cent, in lump. Our miners shoot their 
own coal. They were offered a choice of powders and they very rapidly chose the 
coini>ressed powder, which looked suspicious; recently I have found that they remove 
the paper covering of the Pellet Powder, put it back in the liole and pulverize it, 
tamping it very hard, and consequently “shoot the hell out of the coal,’^ which is 
the miner’s formula for a good shot. 

E. McAtjlifpe, Omaha, Nebr. — The reading of this paper impresses me again 
with the fact that it is not information we want so badly as it is the disposition to 
apply the information we have. 

When I took charge of the Union Pacific Coal property in Wyoming five years 
ago, our non-gassy mines were not using permissible explosives. Going back over 
the annual safety reports made by outside mining engineers for a period of 15 years, 
I was impressed by the continuing recommendations made for the substitution of 
permissibles for black powder which were eventually carried out only to the extent 
of putting permissible explosives in the gaseous mines. I decided immediately that 
we would go over entire to permissible, and while in the beginning we met with a 
certain measure of opposition from the miners’ imion, we went ahead, and with the 
assistance of the powder men experimented with three or four brands, and thereafter 
we put permissible in 100 per cent, without serious friction or prejudice. 

Ours are so-called captive mines, the output used exclusively by the railroad 
company, and much of the coal is reduced to 234 -ni. size in order to meet the require- 
ments of the locomotive stokers. Later we extended our mechanical loading program, 
and found in our subbituminous mines that the coal as shot was coming down in 
some instances in lumps too large for the Joy loading machine. Our men then 
attempted to reduce the size of the lumps without materially increasing the percentage 
of slack, and again with the help of the powder men we developed the theory of 
using a 1-in. permissible stick instead of the standard stick. That in turn meant 
a one-man electric drill; it meant specialists to drill the coal, place the shots, and 
subsequently to fire them. That helped our situation very materially. 

The powder men were not eager to supply us with the smaller sized explosive but 
they did it and we are expanding that program. I would suggest, as a possible way 
out, more holes, smaller holes, holes that can be drilled perhaps more cheaply. The 
measure of fine material taken out of the 1-in. hole is much less, of course. Some 
of our men were actually making a hole 2.75 in. dia., creating 7.56 times the amount 
of drill cuttings produced by the l-in, drill. 
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Research in Processes of Ore Deposition 

Bt Waldbmar Lindgrbn,* Cambridge, Mass. 

(New York Meeting, February, 1928) 

Fii'XEEn years ago, in his presidential address before the Washington 
Academy of Sciences,^ Alfred H. Brooks said: “Applied geology can only 
its present high position by continuing the researches which 
advance the knowledge of basic principles. Future progress in applied 
geology depends on progress in pure geology.” 

Early in 1927, Dr. David 'R^te, then chairman of the Division of 
Geology and Geography of the National Research Council, appointed a 
committee “On the Processes of Ore Deposition,” which was the first 
recognition by the Council of this branch of applied- geology. This 
committee will not be able to solve the many complex problems involved; 
it can only clear the way, survey the field, state the problems and encour- 
age systematic research. This short paper aims to outline and to analyze 
the present status of this kind of geological research, to ascertain the 
quality of the work and to suggest lines that might profitably be followed. 

Incbeasinq Demand for Geologists 

Economic geology, or the art of geology, could develop only after the 
principles of geology and mineralogy had been established. Before that 
time it was merely a collection of trade rules accompanied by more or less 
wild speculations. Thus we observe the beginnings of economic geology 
in the period 1770-1820. Soon afterwards, the State Surveys were estab- 
lished in this country, with the realization that the natural resources 
should be investigated and described. Geology was hardly yet equal to 
the task of scientific research in relationships and genesis, however, and 
there followed a period of discouragement and stagnation. In the mean- 
while, pure geology had again registered progress, and, based on its princi- 
ples and also on the rapid mining development in the Cordilleran region, 
the present phase of the study of ore deposits began to take form. 
Raphael Pumpelly, S. F. Emmons and G. F. Becker were among the 
pioneers in this movement. The United States Geological Survey was 
organized. Ore deposits were scientifically described and studied along 
lines of structure and mineralogy; theories of genesis were advanced, not 
always permanait but based on sound induction. 

• Ghairmaii. Division of Geology and Geography, National Research Council. 

^ A. H. Brooks: Applied Geology. Jnl. Wash. Acad. Sci. (1912) 2, 19. 
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The geologist was coming into his own; the more progressive mining 
companies began to recognize his value, where formerly he had been at 
most a tolerated visitor. True, he made many egregious mistakes. Not 
so many, however, as the miner without any but local experience and no 
knowledge of science. He could not “see into the ground” but he could 
at least make an intelligent prognostication. In this stage, the mim'-ng 
engineer, in most cases, was the geologist. The science had not developed 
beyond the curriculum of the engineer. 

Again, however, pure science forged ahead relentlessly. The origin of 
minerals was classified; new diagnostic methods were invented, all with a 
bearing on the miner’s problems. The science began to grow beyond the 
ordinary education of the mining engineer; necessarily it became more 
specialized. It became obligatory for the geologist to familiarize himself 
with physical chemistry and metallography, with problems of sedimenta- 
tion and colloidal solutions, with the phenomena of magmas and vulcan- 
ism. And lately the mining geologist is reaching out to the physical 
sciences for help that will enable him to predict the existence of orebodies 
or bodies of other useful minerals below the surface. These develop- 
ments have still further emphasized the gulf between the mining engineer 
and the geologist. It is scarcely possible to dominate both fields. There 
are those who say that geological science has made no progress of late. 
Surrounded by trees, they fail to see how the forest has grown. 

When the miner has an abundance of ore he gets along conafortably 
without the geologist, but when the ore resources grow slim, the geologist 
is called forthwith. Often he works at a disadvantage on account of a 
lack of knowledge of the details of the deposit as disclosed during the 
prosperous period. The value of the services of the geologist should not 
be exaggerated, but certainly he has a right to a place in the sun. Min- 
ing operations should be conducted by the mining engineer, but a trained 
geologist should superintend development operations. By this I mean 
not only trained in the various branches of geology and mineralogy, but 
also in the practical knowledge of mining. One of the urgent needs of 
many mines today is the recording of the geological data so that they 
may be available when needed — and they will be needed. 

Geological Data Needed 

The data needed are of three kinds: (1) structural, involving a record 
of the attitude of the orebodies, thickness and grade of ores, attitude of 
faults and other structural features related to the orebody; (2) geological, 
involving the relations of the rocks about the ore deposit; (3) petro- 
graphical and mineralogical, including a study of the composition of the 
rocks, altered and unaltered, and of the ores as to ore minerals present 
and their relations. 
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At the present time a few large and progressive organizations employ 
a geological staff. Usually their observations regarding structure are 
complete and efficient; but regarding the study of the ores and rocks they 
are usually deficient. Quite naturally the structural elements have an 
urgent and immediate relation to mining operations; the usefulness of 
the mineralogical side of investigations is less striking. “Why investi- 
gate these matters?” we are asked. “The assays will tell us all we need 
to know.” I shall not attempt to refute this argument in detaU. Every- 
one should realize that if money is made from a natural product the oper- 
ator must know all that can be ascertained about the product from a 
standpoint of modem science. If the ore contains palladium or vana- 
dium, it is certainly money in the pocket of an operator not only to know 
the fact but to know in what minerals and in what combination these 
metals are present. It seems slightly ridiculous to advance such arguments 
in these days, but even yet the attitude of many mining companies is 
medieval, if not archaic in this respect. If people could be persuaded to 
be less strict utilitarians, other researches into the properties of their 
products might conceivably help them later on — or their children — to 
accumulate the desired wealth. The value of research for possible future 
benefits is recognized in the sciences of physics and chemistry today, 
and it may obtain in mining geology in the future. 

Leaving this line of thought for the present, let us consider the activity 
in geology and in ore deposits in this continent of North America. 

Present Status op Eesearch in Processes op Ore Deposition 

The activity of geological research may be rudely measured by the 
number of papers and books presented annually. In 1887, there were 
about 300 publications relating to. the geology of North America; they 
rapidly grew to 1360 in 1903, and varied from 1200 to 1400 per n-nTnim 
between 1903 and 1917. Then followed a sudden drop to 1050, owing 
to war conditions. Since then, the number has risen again to about 1400 
in 1926. The greater number of these publications have some bearing 
on economic geology; comparatively few deal with the pure research. 
Brooks estimated that 80 to 90 per cent, of the publications of the U. S. 
Geological Survey from 1903 to 1910 were related to applied geology, 
and the same condition holds good at the present time. 

It is difficult to define what is meant by research. Evidently, the 
publication of statistical data of production is not research, imlagg general- 
izations are drawn from the figures presented. The routine description 
of a district containing mineral deposits is not necessarily research iinlAjaa 
some attempt is made to deduce generalizations or to uncover new facts.' 

In order to obtain a rough estimate regarding the condition of research 
in ore deposition, I have attempted to analyze the bulletins issued by the 
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U. S. Geological Survey on the geological literature of North America 
for 1921-22, 1923-24, and 1925-26.* 


Publications on Orb Deposits in Six-tear Period 1921—26 


Publications 

j 1921-22 

1923-24 ; 

1925-26 

Total 

j 2234 

' 2577 ■ 

2750* 

Relating to ore deposits 

i 257 

j 222 ; 

358 

Relating to ore deposits in the United States 

! 175 

j 145 ; 

213 

Relating to ore deposits in Mexico, Central America 
and West Indies 1 

10 

i 

i 9 

34 

Relating to ore deposits in Canada 

1 72 

1 68 : 

111 

On ore deposits, by the Canadian Geological Survey.. . 

24 

9 : 

22 

On ore deposits by Ontario Bureau of Mines 

4 i 

1 : 

18 

On ore deposits by the U. S. Geological Survey 

36 

i 10 

17 

On ore deposits by State Geological Surveys j 

6 

1 22 1 

! 1 

15 


* Approximate. 


Strictly statistical papers have been excluded from this list. The 
publications not specifically accounted for include papers in part of 
research quality in Economic Geology and the journals of the mining and 
geological societies, also any qhort communications in the mining press 
that present anything of interest in processes of ore deposition. 

Naturally, these papers differ greatly in quality; many are of little 
value, others embody much research; many of the latter are longer papers 
and memoirs of the Geological Surveys. Those of the U. S. Geological 
Survey stand first in research quality but are closely followed by the 
publications of the Geological Survey of Canada. Most of the actual 
research material finds publication in the scientific journals and there is, 
of course, considerable repetition, as authors often publish their most 
important results as separate articles in such journals. 

While perhaps the greater number of important publications come 
from organized surveys, there is a considerable and growing contribution 
from the geological and mining departments of the universities. These 
papers embody scattered and not always well organized research. Among 
the institutions contributing are the Universities of Minnesota, Wis- 
consin, California, Yale, Harvard, Princeton, Columbia, Stanford and 
the Massachusetts Institute of Technology; the Universities of British 
Columbia, Toronto and McGill; and also the mi nin g schools of Missouri 
and Colorado. From 3 to 10 papers are contributed per annum from 


*J. M. [Niefcles: Bibliography of North American Geology for 1921-22. BitlZ. 
758, U. S. Geol. Survey (1924). 

Same for 1923-24, BvU. 784 (1927). 

Same for 1925-26, Btdl. 802 (1928). 
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each of these institutions. Two stand out prominently as leaders : the 
Uxuversity of Minnesota and the University of Toronto. In both, the 
research seems better organized than elsewhere. The University of 
Minnesota contributed 4 papers in 1921-22; 14 papers in 1923-24 and 
11 in 1925-26, most of high quality. The University of Toronto contrib- 
uted in the same periods, 16, 6 and 7 papers, most of them dealing with 
the mineralogy of ore deposits. 

In looking over the publications for these six years one can not fail 
to be impressed with the number of able papers on the paleontology and 
the geology of coal and petroleum. Papers on processes of ore deposition 
make only one-tenth or one-eighth of the total number, and perhaps 20 
per cent, of them contain little of importance in regard to this subject. 

Another interesting feature is the great number of publications 
relating to Canadian ore deposits; they make up, roughly speaking, one- 
third of the total in each biennial period. Undoubtedly this indicates a 
much more lively interest in the subject than is found in the United States. 
When we consider that the population of Canada is less than one-tenth 
that of the United States and that the value of the metallic production 
in the States is more than ten times as large as that of Canada, the rela- 
tion becomes still more striking. Either Canada spends too much effort 
and money in the investigation of its metalliferous deposits or the people 
of the United States spend too little. Probably the truth lies in the 
latter statement. 


What Constitutes “Research?” 

G. K. Gilbert recognized two fields of geological research, the one 
embracing the study of local problems of stratigraphy, structure, ore 
deposits, etc., the other the general problems of geologic philosophy. 
Both, he held, may yield results of high economic value. On the other 
hand, it is generally agreed that compilation of data, including statistics, 
administration and the routine determination of minerals and rocks, 
should not be considered as research. It is thus evident that the activities 
of geological surveys to a large degree fall within the definition of research. 

On the other hand, research may be considered as the search for some- 
thing new, and if the structure, ore deposits, etc., described present 
nothing new, nothing that will aid in the development of the science, 
such work can not be classed as a high order of research. Even if new 
data are described — ^Uke new minerals in an ore deposit — ^the next stage 
of correlating these data, of reaching new viewpoints, is often neglected. 
Ransome has truly said that in any early stage of scientific inquiry 
copiousness of description and futility in hypotheses are dominant, and 
that such descriptive and unverified hypotheses even now preponderate 
in the literature of ore deposits. 
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Activity of the Stovets 
The U. S, Geological Survey 

The Federal Geological Survey stands first in regard to literature and 
research of ore deposits. It is not necessary to detail its achievements 
along these lines. In the last 40 years it has accomplished the investiga- 
tion of a majority of the ore deposits of the country and summaries of 
the occurrences in many states and regions. Doubtless it has done all 
that was possible under the circumstances, for even the Federal Survey 
feels that it is hardly in its province to take up problems of ore deposition 
which naturally must involve a great deal of laboratory work.® 

The Geological Survey has been still further constricted by decreasing 
appropriations, by failure of the appropriating and departmental oflBicers 
to realize that a geologist is a scientific man who needs something more in 
the way of equipment than his notebook, a desk and a pencil. It is 
not generally realized that the Geological Survey serves not only the 
mining industry but also, through its topographic mapping, its hydro- 
graphic work and its land classification, wide industrial and engineering 
circles. It would seem as if the country hardly appreciated its services. 
The control and regulation of rivers, the investigation of earthquakes, 
the soil surveys, the geophysical methods of discovering bodies of ore or 
other useful substances — all of these subjects would seem to belong, in 
part or whoUy, to the province of the Survey. It may be said that most 
other countries treat their geological surveys better than we do and have 
a better appreciation of their value. 

These views recently were sharply expressed in a resolution adopted at 
a meeting of the Columbia Section of the American Institute of Mining 
and Metallurgical Engineers, in which it was pointed out that the mining 
and allied industries suffer severely through lack of sufficient appropria- 
tions to the Bureau of Mines and the U. S. Geological Survey. It was 
shown that with a value of production of about $13,000,000,000 for 
agriculture and $6,000,000,000 for the mineral industry, the appropriation 
for the former (to the Department of Agriculture) is about $128,000,000 
per annum and that for the Bureau of Mines and the Geological Survey 
together about $4,700,000. It is estimated that the Department of 
Agriculture spends about $10,000,000 annually on investigations which 
may be classified as “research,” while the U. S. Geological Survey 
probably devotes much less than $100,000 to similar work in aU branches 
of geology. It may be imagination, but one has a feeling that the Geo- 


* Much research of high quality has been carried on in this direction by individual 
geologists and chemists. As a rule, however, when the particular report on a given 
district is finished, the author ceases his work. The greater generalizations, which 
can only be gained by comparative study of many similar districts, are usually left 
in abeyance and the investigation of the next area or district begins. 
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logical Survey presents plans for scientific research with an apology for 
their less evident economic utility. There is, of course, a well-defined 
reason for this: agriculture is carried on by millions of small, financially 
weak operators while in the metal industry there are a great many 
corporations of great financial strength. However, even in the latter 
industry there are also many hundred of thousands of small operators 
who are exactly in the position of the farmers. Elaborate comments on 
this anomalous condition are unnecessary. It certainly appears that the 
agricultural industry is able to obtain from Congress almost all that is 
asked for while the mineral industries do not receive a correspond- 
ing consideration. 

For a number of years the Geological Survey has been allotted from 
$1,600,000 to $1,900,000 per annum. Of this from $300,000 to $500,000 
is allotted for topographic mapping. Other items are for printing, water 
resources, classification of public lands, etc. To geology is allotted about 
$325,000; this amount has remained about constant for many years, but 
since salaries and expenses have greatly increased in the last ten years, it 
is apparent that less work is obtainable for this amount now than before. 
The sum of $325,000 covers all kinds of geologic work, much of it not 
directly related to the metal industry. It may be estimated that geo- 
logical investigation of the metal industry amounts now to about $50,000 
to $70,000 per annum. This is the amount devoted to the investigation 
of the ore deposits of an industry which produces $1,400,000,000 worth 
of refined metals per year. The amount actually expended to investi- 
gate the processes of ore deposition is naturally only a fraction of $50,000 
or $70,000. 

Undoubtedly, the Bureau of Mines and the Geological Survey have 
accomplished an enormous amount of work with these limited means, but 
this is scarcely an argument for continued low or reduced appropriations. 


The State Surveys 

Much work is also done in the investigation of metalliferous deposits 
by about 30 State Surveys. It is difficult to state the total amount 
expended by these; probably it is not much more than $350,000 per 
annum, and of this naturally only a small fraction is devoted to processes 
of ore deposition. The State Surveys even more than the federal Survey 
are subject to limitations regarding research work of the higher order. 
Quite naturally, perhaps, the state authorities balk at expending money 
on anything but classification and description of ore deposits. Never- 
theless, some of them— for instance, the Surveys of New York, Maryland 
and Missouri — ^have shown an appreciation of the broader aspects of 
economic geology. Tedious detailed descriptions are often an unavoid- 
able fault of the State Survey reports. 



WALDEMAK LINDGKEX 


2D7 


The Canadian Surveys 

For the current year the Canadian Government has allotted S233,400 
for the Mines Branch and $335,000 for the Geological Survey. The 
former sum includes work for the publication of memoirs of special 
substances such as molybdenum, graphite, asbestos, etc., which contain 
a certain amount of research work. Of the whole, however, but a fiTnfl.11 
proportion of the moneys for the Mines Branch goes into research of proc- 
esses of ore deposition. The allotment for the Geological Survey pro- 
vides for some topographic work, publications, museum expenses, etc., 
but from the fact that about 23 field parties were working last year in 
metalliferous area, and from the character of the reports, it seems clear 
that much attention was given to ore deposits. Exact figures are not 
obtainable but the guess may be hazarded that the amount spent is not 
less than $80,000, a sum materially larger than that devoted to the same • 
object by the U. S. Geological Survey. 

The next largest organization is the Department of Mines of Ontario. 
Many interesting and valuable reports are received annually from this 
source and much attention is given to ore deposits. For the year ending 
Oct. 31, 1926, the appropriation for geology, mining and topography 
amounted to about $90,000. Most of the work relates to metalliferous 
deposits. While it is not practicable to segregate the amounts used for 
this purpose, they may be estimated at not less than $50,000, or about the 
same amount that is expended for similar purposes by the U. S. Geologi- 
cal Survey. 

Carnegie Institution Geophysical I*aboiiatory 

There remains to mention one institution whose work has always 
been of the very highest quality and from which much may be expected 
in the future — ^the Geophysical Laboratory of the Carnegie Institution at 
Washington. The geochemical data that we owe to it are indirectly of 
the greatest importance for ore research, and the investigations on hot 
springs and spring deposits as well as the reports on the supergene sulfides 
and the sulfides of copper, iron and zinc have been of such preeminent 
research value that we may hope for extremely valuable results if the 
Laboratory should see its way to undertake more extensive work on 
ore deposition. 

Interest op the Mining Industry in Geology , 

An industry which in this country produces metals to the annual 
value of $1,400,000,000 must be presumed to be deeply interested in the 
occurrence, origin and discovery of the deposits from which it produces 
this enormous wealth. No doubt the metallurgical industry has 
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expended large amounts on research in the reduction of ores and in the 
composition and behavior of metals and alloys. This branch of science is 
certainly progressive and eager to grasp at the benefits of research work, 
but what about the mining industry? The answer must be that the 
mining industry has taken little or no interest in the scientific study of 
deposits, beyond the utilization of such data as may be supplied by the 
official Suireys. It has put little or no money in the investigation of 
processes of ore deposition or in creating scholarships for such research. 

True, some of the mining companies maintain geological staffs but 
only to investigate their own problems, and many employ geologists 
when the ore resources begin to dwindle, but in processes of ore deposition 
they eA’ince practically no interest. A few raining schools have been 
endowed by individuals, who obtained their wealth from the mines, but 
the activities of these schools are almost entirely in the direction of mining 
methods and metallurgy. 

There are some exceptions, of course. The Copper Producers 
Association, for instance, some years ago authorized the Secondary Sulfide 
Investigation conducted by Professor Graton. Among the results of 
this study are the invaluable data on copper sulfides by the Geophysical 
Laboratory referred to above. The Calumet & Hecla Co. conducted 
a thorough investigation of its copper deposits and generously allowed 
this investigation to be -published. The Phelps-Dodgej the Anaconda 
interests and other companies have also permitted the publication of 
certain researches conducted by them. But on the whole the indictment 
probably will stand. 

This condition is by no means confined to the United States. I 
understand that the gold-producing companies of the Witwatersrand dis- 
trict employed no geologist continuously till 1915 and that since then the 
only one so employed has been Dr. E. T. Mellor. This whole subject 
has been interestingly treated by Dr. H. C. Boydell,^ of the Institute of 
Technology, in a paper read before the Institution of Mining and Metal- 
lurgy (London). 

The failure to make general use of geological control and to devote 
money to the investigation of processes of ore deposition may be caused 
by various condition, such as an abundance of rich ore, or the simplicity 
of geological structure or unsatisfactory experience with poorly trained 
geologists. But fundamentally, I believe, it is caused by a deep-seated 
mistrust of the efficiency of geological methods. The services of geology 
may be admitted for structural problems and, in fact, most mining geolo- 
gists working for the industry are engaged in such investigations. The 
inquiry into the composition of the ores is usually neglected; few miniTig 


* H. C. Boydell: Economic Geology and the Mining Industry. Trans. Ihst. Min. 
and Met. (London) 35th Session (1925-26) 76-101. 
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concerns know all they should know about the chemistry and mineralogy 
of their ores. The question as to the origin of the ores is held to be purely 
academical, and of no practical importance; there is little discrimination 
between wild hypotheses and sound theories; it is held that “the geologist 
cannot see any further in the ground than the miner” in oblivion of the 
fact that the mind trained in mineralogy and structure is in far better 
position to diagnose the situation and discern the probabilities than the 
untrained person. 

The situation is better than in the past but it is bad enough and all 
efforts should be made to correct it and to make the industry realize that 
research is necessary. The era of rich surface ores is passing; ores of 
lower grade are being utilized. No longer are there many boldly outcrop- 
ping ore deposits which may be attacked with little thought as to composi- 
tion or origin. As Boy deli has said, “Indivddual deposits may be 
exhausted but mining must go on.” 

Who Should Do the Work? 

Granting that physical and chemical research of the highest order is 
necessary and that smaller mining companies are rarely in position to 
maintain a research laboratory, who should conduct these investigations 
into the nature and origin of ore deposits? Many will unhesitatingly 
reply, “The Government,” meaning the federal surveys; others may say 
“The Universities;” still others may say “Central laboratories like the 
Geophysical Laboratory of Washington.” One may point to the brilliant 
results obtained by the research laboratories of the General Electric Co. 
and the American Telephone & Telegraph Co. and argue that large 
corporations should undertake the work. 

There are certain objections to having the federal government under- 
take the work. It would be hampered to some extent by regulations, 
appropriations and red tape. StUl, I am sure the Geological Survey 
could be depended upon for eminently successful work. Some kind of 
financial cooperation might be established similar to that existing between 
the Bureau of Mines and the steel industry at the Pittsburgh experiment 
station. The research laboratory of a large company is organized mainly 
for the benefit of that particular company. Certainly, the universities 
will continue to lead the research as they have done in the past. But it 
seems to be a better plan to have this work done in a central laboratory, 
independent or connected with some nation-wide organization like the 
Research Council of the Academy of Sciences, which would disburse the 
funds. It might be called the “National Laboratory for Ore Research.” 
The choice would He between the U. S. Geological Survey, the Carnegie 
Geophysical Laboratory and a “National Laboratory for Ore Research.” 
In any case good results could be depended upon. 
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Who Would Pat for This Work? 

Should the expense be paid by the " Government,” that is by the people 
of the United States, or should the money be provided by the mining 
industry? Dr. Boydell unhesitatingly answers, “By the industry,” 
and I think he is right. The same causes which have prevented generous 
appropriations from Congress in the past will be operating in the future. 
If the mining industry desires this work to be done it had better provide 
for it, instead of waiting for uncertain action by Congress. Annually it 
extracts from the ground metals to the value of nearly one and one-half 
billion dollars, and the expenditure of one ten-thousandth part of this 
sum for the purpose of obtaining- more knowledge of the materials which 
furnish this great wealth would not seem to be exorbitant. Probably 
some such plan would have been accepted years ago if the industry 
had been adequately organized and if it had realized the value of 
modem research. 

The metallurgical industry, quite as much as the mining industry, 
needs adequate knowledge about ores. The time has passed, though 
many may not realize it, when the assayer was the only arbiter and investi- 
gator of metallic raw materials. The metallurgical concerns have given 
much attention to their products, but have done little research into the 
nature of the ores. 

For action in the matter; We have three eminent organizations whose 
duty it might well be to start the good work: they are the American 
Institute of Mining and Metallurgical Engineers, the Mining and Metal- 
lurgical Society of America and the Society of Economic Geologists. 
Certainly the National Research Council is at all times willing and anxi- 
ous to lend its help to meritorious plans of investigation. 

The Work to Be Done 

As Ransome has said, there has been an abundance of general descrip- 
tion of ore deposits, coupled with a tendency to indiscriminate theorizing. 
We need, as the same author has said, a greater accuracy in description 
and the establishment of fundamental physical and chemical data by 
experimental work. 

In the study of the structure of ore deposits there is much to be done; 
there are plenty of individual descriptions but little comparative analysis 
of the features common io many deposits. No satisfactory structural 
study of the “lenticular veins” is available, for instance. There is 
stiU much uncertainty as to the manner of filling and replacement in 
fissure veins. The questions relating to fibrous veins and to inclusions 
of rocks in vein material need more attention. 

Comparative studies are needed of certain classes of veins — ^for 
instance, gold quartz veins— the common features, the relation of depth 
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to structure, the relation of composition of the ores to structure and 
depth. We have much material but no master mind capable of analysis 
and correlation. To what depth may we expect these veins to continue? 
What is the influence of pressure and temperature on the precipitation of 
ores? Surely these questions are of great importance. 

What are the common features of epithermal veins? Is there justi- 
fication for considering them as the upper continuation of batholithic 
veins, or are they derived from different sources? This also is a question 
of great moment to those who would risk money in following them 
in depth. 

A solution of many of these problems might be obtained from an 
analysis of the literature coupled with field studies; many are easily 
accessible to investigators in Surveys and Universities, but few men have 
taken the pains to follow them out. 

Other lines of research can be undertaken only with chemical and 
physical aid, and these properly belong to the work of research labora- 
tories. A few of the more important are enumerated here. 

In connection with placer deposits, there is wanted a metallographic 
investigation of native gold and better knowledge of the relative rate of 
solution of silver and gold by natural waters, with consideration of the 
possibility of colloidal transportation. 

In deposits of sedimentary origin, the conditions under which iron, 
manganese, copper and zinc are precipitated deserve more attention. 
It is known that zinc is contained in many sedimentary beds; for instance, 
in the Jurassic iron ores of England and in limestones of the Appalachian 
belt. Under what conditions would copper be precipitated in sedimentary 
beds from dilute solutions? What are the minerals formed and by what 
means — adsorption or chemical action? Why are hematite-silicate iron 
ores not formed in the seas of the present period? What is the origin 
of the sedimentary bauxite deposits? 

In the deposits formed by processes of weathering, there are many 
aspects that will bear much more research, such as the decomposition of 
minerals, the development of the clay minerals, and of bauxite from the 
latter. Recent investigations suggest that the hydrogen-ion concen- 
tration is of great importance in these processes. In the future much of 
our iron ore will be taken from such deposits. Just what are the condi- 
tions for the development of limonite or of hematite? Many of these 
deposits form a potential source of nickel, not much utilized as yet. 
What conditions favor the concentration of nickel? 

The processes which have formed our enormous iron deposits of the 
Lake Superior region will need additional examination to make possible 
the utilization of the low-grade ores. 

In the future, when the richer copper ores are exhausted, the low- 
grade ores so widely disseminated in the sandstones of the Southwest 
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will no doubt receive attention. At the present time the conditions 
governing these deposits are little known; opinions as to origin are far 
apart. What minerals do they contain, and may we expect their con- 
tinuation in depth? 

Closely allied to these are the vanadium and uranium-bearing beds 
of the same sandstones. Ju^t now they are eclipsed by richer ores from 
the Congo, but undoubtedly they will again assume importance. 
Whence came the vanadium and the uranium-radium? The present 
minerals are in large part secondary. How were they concentrated? 
What agencies caused precipitation of these metals? What part does 
organic matter play? Do the ores continue in depth? 

An enormous amount of discussion and theorizing has been carried 
on about the lead and zinc deposits which at shallow depth have yielded 
such astonishing quantities of metals in the Mississippi valley. Are 
they of shallow, meteoric origin or may these ores be sought for in depth 
by drilling? If they really are of magmatic origin it would seem that 
there might be such a chance. Many excellent researches have been 
started to elucidate their origin but none have gone far enough. The 
whole question of the dissolving power of natural waters and the reactions 
of precipitation needs more work. 

When we come to the ore deposits of admitted magmatic aflSliations, 
the problems multiply and become more complex. Among the funda- 
mental data required may be listed the behavior of silica, water and 
metalMc sulfides under various conditions of temperature and pressure. 
Is silica always precipitated from colloidal solutions? Did the large 
crystals often found develop from such colloidal solutions? Were these 
colloidal solutions always a differentiation product of the magma? 

The next question is in what form the sulfides existed in the water — 
for instance, the enormously predominant pyrite. And, further, by 
what means were they precipitated from their solution? 

And after that comes the momentous problem as to why the sulfides 
are precipitated in a certain, more or less constant order. Is the zonal 
theory really based on physicochemical laws — ^if so, what laws? The 
field evidence is contradictory in part. Why are the arsenides and 
pyrite always the earliest, why the silver and silver-lead sulfantimonidfes 
always the latest minerals? What are the relations of tellurides to gold? 

In the pyrometasomatie (contact metamorphic) deposits the calcium- 
magnesium-iron silicates develop and are rightly assumed to indicate a 
higher temperature. In certain lode deposits they do not form in the 
limestone, but cryptocrystalline silica develops instead. At what 
temperature do these silicates form? The system silica-calcium carbon- 
ate-water, for one, has never been investigated. It would seem that 
experimental work might well throw light on the Origin of these contact 
metamorphic deposits. 
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The conditions under which the pegmatite dikes were formed have 
been investigated in part by the Geophysical Laboratory and we may 
expect further results from this authoritative source. On the other 
hand, the products of differentiation which we designate as sulfide melts 
have received scant experimental investigations. The Sudbury nickel 
deposits are supposed to be formed by such differentiation and it would 
be of the highest importance to discover similar ores in this country. 
The characters of sulfide melts, their temperature, their relation to 
mineralizers such as water or phosphorus, their action upon rocks — all 
these problems await competent study. The points of similarity of 
these melts with metals, mattes and alloys, the peculiar processes of 
unmixing or separating out of new compounds from a still hot origi- 
nally formed product — these also deserve investigation. 

It would be wearisome to expand these suggestions for research on 
ore deposition, but they show plainly the great need of investigations in 
all parts of the field. Some of them will be of immediate value; others 
may lead to valuable results which we can not now accurately forecast. 
Is it not well to abandon medieval views and realize that research means 
knowledge, and knowledge means power? 
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DISCUSSION 

E. L. Bruce, Kingston, Ont.— Perhaps Dr. Lindgren has given you the impression 
that Canada is rather better off in the matter of research in economic geology than is 
the United States, hut I am afraid the figures are not quite so favorable as they might 
appear. A great deal of the money spent in so-called economic geology is spent 
chiefly in description and not in productive work, as it should be. In the university 
with which I am connected we have been trying during the last two years to establish 
a research chair in economic geology. It looked very easy to raise $100,000 endow- 
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ment for that purpose. We went to one of the mining companies which has pro- 
duced millions in profits and they offered us SI 000. That is the state of things in 
Canada, and if we are any more favorably located than you are, you are certainly 
very badly off. 

G. F. Locghlin’, Washington, D. C. — I think the mining interests of Colorado 
can set a fair e.vample, not a complete one but a good beginning. They have been 
assessed according to the production of metal and have devoted a portion of that 
assessment to the geological investigations in their state, particularly to ore hunting. 
The U. S. Geological Surv^ey has given them such results as it could give quickly 
during the last two years, and they realize that it takes time to prepare a complete 
report; also, that certain conclusions of ultimate practical importance can not be 
reached without a certain amount of research. 

They have given us a free hand to go ahead. They will put up the money or pay 
the bills but they will let us plan the work. As research matters come up we devote 
what we think is a fair proportion of the time to thos^ things. 

If the mining interests of the whole country that are assessed according to produc- 
tion could arrange it so that a minor fraction of that assessment could be devoted to 
research in problems of ore deposition or problems of mineral deposition as a whole, 
there would be a fund adequate for the development of a research laboratory; inde- 
pendent, or if preferable, associated with the Carnegie Geophysical Laboratory at 
Washington or the U. S. Geological Survey, which already have a great many facilities 
for further research. An adequate fimd for supporting such a laboratory could thus 
be raised and it could go to the research as a main issue and not as a minor or side 
issue. 

C. P, Berkby, New York, N. Y.— Conditions are becoming a little more promis- 
ing. Perhaps a growing appreciation of our own shortcomings is a step in the right 
direction. It ought to be possible, under Dr. Lindgren's leadership, to get recognition 
of the importance of some of the well-known ore deposits with support for better 
studies of them. Usually if one asks the owners for opportunity to study their 
deposit it is looked upon as a bid for a job, and generally one does not even get a 
chance to begin. 

Perhaps Mr. Lindgren, backed by the economic geologists, could present such a 
request with better effect. There are deposits of which the study promises more to 
pure science theory than to the solution of any immediate problem in handling the 
mine. A study may not be warranted for its practical bearing alone. We ought to 
be able to arouse interest in the case as a contribution to the science. But clearly we 
have not yet reached a satisfactory common understanding with our natural sup- 
porters and an occasional priceless opportunity passes. 

R. H. Sales, Butte, Mont. — Dr. lindgren^s paper is timely and valuable. In our 
consideration of the attitude of the mining industry toward the economic geologist we 
must not overlook the fact that in applying geology to mining we do not often get 
results that are widely appKcable. In this respect we differ greatly from those 
engaged in research work in certain other phases of the mining business. For exam- 
ple, if a metallurgist working on flotation makes a discovery, it immediately becomes 
helpful and valuable to every reduction plant in the world working on similar ores. 
Similarly, an improvement in a rock drill or blasting powder means a saving to every 
mine operator. 

The economic geologist, on the other hand, rarely finds two mining districts with 
identical geological conditions. Each district has its own problem. Successful 
research in one district may or may not result in discoveries applicable to others. 
It is, therefore, rather diflicult to plan research work in geology that will be beneficial 
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to the mining industry as a whole. Mining companies, realizing this situation, are 
perhaps skeptical about the claims and promises of the geologist. 

Then, too, the economic geologist works constantly on theory. Orebodies are 
never fully outlined by mine openings or drill holes. His theory cannot be demon- 
strated by anything less than expensive mine exploration, and too frequently it proves 
correct in principle but fails as to quantity of ore. The mine operator can sample 
and measure ore already developed but the geologist is asked for opinions concerning 
that which he cannot sample or measure. There are, therefore, good reasons why his 
reports and opinions are so commonly written in conservative fashion, and conse- 
quently not to the liking of the promoter. 

Here is where the geophysicist comes into the picture. Recognizing the geologists' 
difficulty in seeing into the ground or making quantitative determinations, the geo- 
physicist is endeavoring to take a short cut to the orebody regardless of the geological 
condition surrounding it. I do npt mean by this, however, that the geophysicist 
does not make careful study of geological conditions in connection with his work, 
because he is, in fact, an economic geologist who realizes the limitations imposed by 
present-day knowledge of ore deposits. 

I think I can state with confidence that the mining industry is ready and anxious 
to give financial aid to research studies covering ore deposits. This being true, it is 
squarely up to the economic geologist to lay out the work and sell the idea to the 
operators, and this can be done if it offers a reasonable chance of success. 

I know of nothing that more clearly demonstrates the mine operators' attitude 
toward economic geology than Dr. Lindgren's observation that the morale in the 
departments of geology in our colleges and \iniversities is low because of the fact that 
the best of the younger instructors in economic geology are being snatched away by 
big mining companies. If Dr. Lindgren is correct, it is plain that the universities are 
furnishing not enough qualified geologists rather than too many. 

Without question there is an urgent need of research work on ore deposits. One 
of the first requirements, before financial aid is sought from mine operators, is a 
well thought out plan of research work which wfil best meet the needs of the min- 
ing industry. 

W. Lindgren. — There are two things involved, it seems to me. One is the idea 
of a geologist making a report for a mining company for specific purposes. Naturally 
he cannot go into unlimited scientific detail. He will try to supply the information 
needed as best he can, and it has been said several times that he cannot see into the 
ground, but he can draw analogies from similar deposits. There are. a great many 
deposits which are very similar; he can point out the probabilities at least, and he 
should be able to do that better than any other man. 

Contrasted with that is an entirely different question; that is, to get to the funda- 
mental problems of ore deposition. There is nothing in view there that promises 
returns in money right away. You can say that generally speaking the ores came 
from below. But I ask you, where would we be if all other scientists had stopped 
at generalities or all the other industries, we will say? What have they done? 
They have gone ahead and engaged .chemists and physicists to start on lines of 
investigation that perhaps at first did not seem to be promising. Nobody knew 
exactly where they were going to lead. Wlien they got through they knew something 
and they found it did lead somewhere, 

I do not expect individual mining geologists to undertake such things. That 
must be done by central laboratories, and must be undertaken with the clear recogni- 
tion that immediate returns in dollars and cents are not in view but are probable 
in the future. 


VOL. 76. — 20 



306 


JiKSEAKCH IS PROCESSES OF ORB DEPOSITION 


So T think wo have to cut away from the idea of immediate profit in dollars and 
cents. I ask you to look around at the other industries and see what they are doing 
and if they are not proceeding on that basis. 

Member. — There is the General Electric Co., for instance. 

W. Lin’dgren. — Yes, that is a good example. The geophysical prospecting is a 
splendid thing and is a wonderful line of new promising work. I want to point out to 
you one thing a])Out the geophysical prospecting; it cannot get anywhere without 
geologists. I say that without qualifications. To interpret the result will need 
a geologist. 

G. O. Smith, Washington, D. C.— Of course, I think the majority of us, without 
partaking in this discussion, endorse all that Mr. Lindgren has said. First of all, we 
must recognize the need for this fundamental research. 

I like to tliink of the work of the geologist in connection with our great metal 
industry as in the nature of taking out insurance. The fundamental research pro- 
gram, such as ^Ir. Lindgren has outlined, is of the nature of a long-term endowment 
policy. We will get the return, even though it may be at some distant time in the 
future. We have confidence that the return will come. There is also this present 
need of something immediate and tangible in the way of results, which is quite distinct 
from the fundamental work. The two, how^ever, may and should go along together. 

The latter kind of short-term insurance is the type that I think the State of 
Colorado, is taking on. And we can hardly think of it as a tax. What we pay for 
this insurance is a very small item indeed if we put it in terms of value of the output 
of the industry% 

In discussing this subject in our meetings of the section delegates during the last 
two days, we noted the unfortunate fact that the amount of funds available for federal 
geological work has been decreasing rather than increasing in the postwar period, 
whereas the volume of production of our mines has increased rapidly, something like 
40 per cent, increase since 1919, this being the period in which we are living and 
working, as I expressed it in speaking to the delegates. That 40 per cent, increase 
should have something similar by way of increase in the money available for searching 
out the conditions favorable for the discovery of new ore deposits, to replace those 
we are depleting at this accelerated rate. 

I think in 1919, where we started the curves used in this discussion, the amount 
of money that w^as being spent in Federal geological work represented a tax, if you 
wish to think of it in that way, of less than one cent to every $100 of mineral product. 
That is hardly noticeable and we know that it is utterly inadequate if it is to provide 
insurance for the future prosperity of the mineral industry. 

There is so much to be done and so little to do with. Naturally, those of us who 
have this matter at heart welcome all of this discussion, because we feel that it will 
bring home to some mining companies, at least, the practical need and value of this 
type of work. 

I think Mr. Locke was one of the first to use the term ^^ore finding,” which is a 
significant word and rather inspiring and helpful as a word, and I am glad to say that 
our Federal geologists are using it in connection with the work in Colorado. They 
have the definite purpose of helping to insure the future metal industry of that state 
by going directly and with a fixed purpose after new orebodies. 

I have not been at liberty to attend these recent sessions on the subject of geo- 
physical methods, although I have attended some of the preliminary discussions, 
and when I listen to the reports of progress or read those reports, I am both encour- 
aged and discouraged. It is a new method and one of promise, but I quite agree with 
Dr. Lindgren that it does not do away with geology. It is strong medicine, but I 
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think you will find you need a preliminary dose of geolopjy, and then you need a 
“chaser’’ of geology. 

We have had considerable experience in using airplane photography in our Pederal 
topographic mapping. At first we thought there was a possibility of its cheapening 
and expediting the making of topographic maps, even if it might not do away with all 
the work on the ground. We find, of course, it is not doing away with the work on the 
ground. It is not expediting that work materially, and it is not cheapening it, but it is 
benefiting the work in that we are making a much better map, and I think that is what 
geophysics will do. We w’ill get more results but we will have to use the old methods 
as well and the better results will come by way of supplementing the work on the 
ground and under the ground in this case. 

We must agree with the premises as stated in Dr. Lindgren’s paper, and we must 
follow him in his conclusions. There is no other way out. We need more fundamental 
research and we need more of the application of that work in the field by the men 
working in individual districts or in the employ of the large companies on the indi- 
vidual properties. 

Discussion and publicity will help us. Geologj' has sold itself to the oil industry 
to such an extent that I doubt if there is at present any oil company without its 
geologist or its corps of geologists. 



The State and Density of Solutions Depositing 
Metalliferous Veins 

By William H. Emmons,* Minneapolis, Minn. 

(New York Meeting, February, 1928) 

The problem of the metalliferous veins has always been an outstand- 
ing one in the science of ore deposits. In recent years interest has been 
stimulated by Spurr, who maintains that veins have consolidated from 
magmas that have densities as great as the densities of ordinary rocks. 

Lindgren published a noteworthy paper^ in 1926, in which he supports 
the theory that veins are deposited chiefly by hot waters. Lindgren ’s 
paper was discussed by Singewald, Spurr, Kemp, Anderson, Colony, 
Bateman, Porter and others. The discussion, in the main, was centered 
on the interpretation of fragments that are included in veins. This 
paper also treats the problems of fragments in veins and includes a reply 
to a review by Spurr^ of a bulletin by Larsen and myself® published by 
the United States Geological Survey on the geology and ore deposits of 
Creede, Colorado. 

Mineral veins containing fragments of the wall rock are common. 
At many places the fragments are completely isolated, one from the other, 
and are entirely surrounded by vein matter. It has been stated that the 
vein matter around the fragments was heavier than the fragments and 
that the latter were floated in a magma. J. E. Spurr, who is the leading 
advocate of this hypothesis,^ urges that normal mineral veins were 
deposited by solutions heavy enough to float fragments of the country 
rock, and it is mainly on this relation that he bases his theory that veins 
are deposited by solidification of magmas. 

If it can be shown that vein-forming solutions have a specific gravity 
greater than rock (2.77), one is justified in regarding them as true mag- 
matic solutions. It is shown later in this paper, however, that at Lead, 
S. D., water not more highly concentrated than ordinary drinking water 
is depositing vein matter around fragments of schist and of steel in such 
a manner that the fragments are completely isolated and completely 
surrounded by the mineral cement. 

* Director, Minnesota Geological Survey. 

^ W. Lindgren: Magmas, Dikes and Veins. Trans. (1926) 74, 71. 

® J. E. Spurr: The FilKng of Fissure Veins. Review of a paper by W. H. Emmons 
and E. S. Larsen on Creede, Colo. Engng, & Min. Jnl. (1923) 116, 329. 

® W. H. Emmons and E. S. Larsen: Geology and Ore Deposits of Creede District, 
Colorado. U. S. Geol. Survey Bull. 718 (1923). 

^ J. E. Spurr: Ore Magmas. New York, 1923* McGraw-Hill Book Co., Inc. 
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Magmas 

We may consider two kinds of magmas; one a very thin, heavy liquid 
mass; the other, a heavy viscous mass. In the thin, heavy, liquid solu- 



3 Feet 


Fig. 1. — Section of Amethyst vein, Amethyst mine, level 6300 ft. south of 

SHAFT, LOOKING NORTH. 



Fig. 2.-^Brbcciated ore cemented by quartz, Amethyst mine. The dark 
AREAS a re fragments OF SPHALERITE, GALENA AND QUARTZ. ThBBB ARE SURROUNDED 
BY BANDED MILKY QUARTZ ON WHICH AMETHYSTINE QUARTZ IS DEPOSITED. A VUG 
IS SHOWN IN LOWER LEFT CORNER. 

tion few fragments would be found in the solution after it had solidified. 
Those heavier thun the magma would sink and those lighter than the 
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magma would rise. Only the fragments with the same density as 
the magma would remain unsupported within the liquid mass. In the 
Amethyst vein at Creede, Colo., w'hich, according to Spun, was formed 
by cooling of an ore magma,® there are found near together fragments 
of galena ore and of much lighter rhyolite in the same exposure of the 
Amethyst vein (Fig. 1). The vein dips 52° and a fragment of rhyolite 
is found below’ a fragment of galena ore. In a liquid solution heavy 
enough to float the galena ore, the rhyolite fragment would rise to the 
hanging wall. There is no evidence whatever of a separation due to 
different densities of the incorporated fragments.® 

In a viscous solution which is moving, fragments of various densities 
may be incorporated in the mass, A rhyolite flow breccia will include 



Fig. 3. — Specimen of ore from Philipsbtjbg, Mont. Fragments of rhodo- 

CHROSITE (white) ARE CEMENTED BY SPHALERITE AND QUARTZ (STIPPLBD). ThB 
LATTER IS CUT BY A VEIN OF QUARTZ WITH A LITTLE SPHALERITE. SoME OF THE 
RHODOCHROSITB FRAGMENTS WOULD FIT IF BROUGHT INTO JUXTAPOSITION, 

fragments of rhyolite and of basalt near together. Such a rock after 
solidification will show flow structures or other evidences of viscosity. 

Cooling of rock generally results in a decrease of volume, as is shown 
by the formation of cooling cracks after solidification has begun. If a 
magma cools to form an igneous rock, the rock should be heavier than 
the magma. In normal veins a gangue of pure quartz (sp. gr. 2.65) 
often surrounds fragments of heavy ore. This is illustrated by Fig. 2, 
a drawing of ore from the Amethyst vein at Creede. In other deposits, 
an ore of sphalerite (sp. gr. 4.1) and quartz surrounds fragments of rhodo- 
chrosite (sp. gr. 3.5). This is illustrated by Fig. 3. 

J. E. Spurr : The Filling of Fissure Veins, Review of a paper by W. H. Emmons 
and E. S. Larsen on Creede, Colo, Engng. <St Min. Jnl (1923) 116, 329. 
dt., 115- 
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In, the Centennial range of northeastern Nevada, about a mile south- 
east of Edgemont, there is a great vein of barren quartz several feet 
wide which contains a few fragments of limestone completely isolated. 
The specific gra-vity of calcite is 2.72 and that of quartz is 2.65. No 
sulfides or other minerals are included in the quartz. There does not 
seem to be any constant relation between the specific gravity of vein 
stuff and that of the included fragments. Some of the latter are heavier 
and others are lighter than the cementing vein stuff. 

Colloids 

In certain vein-forming solutions, the minerals are probably carried 
in the colloidal state. A solution of this character may or may not set 
as a jelly. Before such a solution sets, fragments that are heavier than 
the solution wiU sink and those that are lighter will rise. The gel would 
probably be as dense or denser than the solution from which it set. 
It could hold up heavier fragments only after it had set. Before it sets 
it would not catch heavy fragments, for they would sink. After it sets they 
would not get into the jelly. Thus one who would explain the isolated 
heavy fragments enclosed in veins by invoking the colloidal state of the 
cement encounters the difficulties, mentioned above, which apply to 
magmas. The difficulties are even greater, since the magma cools slowly 
and may be •vriscous through a long period, while the gels set more rapidly 
and, in the geologic sense instantly, and few fragments falh’ng through a 
setting colloid would be caught and isolated in the latter. 

On the other hand, the fine banding of the cementing material in 
layers around the fragments, which is so conspicuously shown in certain 
“ring ores,” might be developed in a colloid as Liesegang rings. The 
Liesegang rings, however, could not completely surround the fragments 
unless the latter were first surrounded by the colloid, which must catch 
the fragment the instant of its faU. 

Fragments in Veins 

Normal metalliferous quartz veins commonly carry numerous frag- 
ments of the wall rock and of earlier ore. Some of these are isolated with 
respect to each other and are supported only by the cementing vein 
matter. Many of them probably touch other fragments or at one or more 
points they touch the vein wall, and certain investigators hold that their 
isolation is more apparent than real. I have been interested in these 
fragments for many years and have dug into many veins that contain 
them. I believe that a great many of them are actually isolated. 

Six hypotheses may be stated to account for the isolated fragments in 
veins: 
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1. They may be floated in heavy solutions or magmas. 

2. They may be carried in -vdscous solutions or gels. 

3. They may be dropped from the walls into partly filled veins. 

4. They may be formed by reopening of veins along fissures that cross 
the vein and brecciate the wall rock, and by subsequent deposition of 
vein matter. 

5. They may be residuary or unreplaced portions of the wall rocks 
of replacement veins. 

6. They may be raised into the vein by crystallization of material 
below the fragments which lifts the fragments above their original points 
of contact with the walls. 

The first two hypotheses have already been treated under the sub- 
jects of magmas and colloids. The third has been fully discussed by 
Lindgren.'^ The fourth is discussed below. 

Reopening op Veins 

The formation of mineral veins is often a complicated process The 
vein material deposited at an early stage of metallization is commonly 
fractured or brecciated and the fractures are filled with ore and gangue of 
a later generation and of different character. This reopening of veins 
often takes place in the normal course of vein formation when the geo- 
logic setting of the vein indicates only one period of metallization. 
Thus, at Philipsburg, Mont., where there is only one period of vein forma- 
tion, vein matter consisting chiefly of rhodochrosite is crossed by narrow 
veins consisting of sphalerite w^th some quartz and both phases are 
crossed by veins composed of quartz and a little sphalerite.® The 
sphalerite veins appear to have formed without much replacement since 
the rhodochrosite of the first stage of metallization shows sharp frag- 
ments and some of them on opposite sides of the veins would fit, if brought 
into juxtaposition (Fig. 3). The fragments of rhodochrosite are 
isolated and surrounded by sphalerite and quartz. 

Veins formed at great depths and contact metamorphic deposits also 
show isolated fragments due to movenaents during the deposition of the 
ore. In the Cable mine,® 13 miles northwest of Anaconda, Mont., gold 
ores are deposited by contact metamorphic processes in a mass of lime- 
stone almost surrounded by granite. The limestone is reerystallized 
and at many places the crystals of caleite are an inch in diameter. In 
the reerystallized limestone are huge blocks of garnet rock which represent 
an earlier phase of the replacement of the limestone and also huge blocks 
of the invading granite detached and completely surrounded by the 

''Op. dt. 

« W. H. Emmons and F. C. CaMns: Geology and Ore Deposits of the Philipsburg 
Quadrangle, Mont. U. S. Geol. Survey Prof. Paper 78 (1913) 205. 

• W. H. Emmons and F. C. Calkins; Idem, 221. 
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recrystallized limestone. These fragments -were not floated in the 
material that recrystaUized to form ore and calcite. They -were broken 
up by faulting and the faults -were subsequently almost obliterated by 
recrystallization of limestone. That is sho-wn by Fig. 4, which is a draw- 
ing of the wall of the Lake stope. A sill of granite in the limestone was 
faulted and the limestone was subsequently recrystallized. 



Grani+e Calcife.ei’c. 

Fig. 4. — ^Vertical section, south WAiL op lake stope, Cable mine, near Ana- 
conda, Mont. 

Feagmbnts in Ore Formed by Replacement 

Isolated fragments may appear in ore that is deposited by replace- 
ment of the wall rock. Such fragments are characteristic of deposits 
that have formed by replacement along closely set inclined fractures 
which strike in three or more directions. 



ROUNOE-D FRAGMENTS ANGULAR FRAGMENTS 

m RLPUACEME-NT DEPOSIT \N REPUACLMLNT DEPOSIT 

Fig. 6. — ^Diagrams iLLUSTRATiNa pragmbnts in replacement deposits. 

Isolated fragments in replacement deposits generally have rounded 
corners because angular comers and edges expose a maximum of surface 
to the replacing solutions. This condition probably results when the 
solutions permeate a body of rock and soaking in slowly react -with it 
by chemical interchange, the attack being carried on from aU sides. 
On the other hand, if solutions move more definitely and probably more 
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rapidly through small fractures, and interchange is effected only along 
the original fractures at nearly uniform distances from the fractures, 
the remaining isolated unreplaced fragments wlU show corners and edges 
that are acute (Fig. 5). Fragments in replacement deposits have recently 
been discussed by Bateman.*® 

Crystallization op Material Below Fragments 

Fragments are raised into veins by crystallization of material below 
them, which lifts the fragments above their original contacts. “Ring 
ore” is formed by this process. Ring ore is composed of vein material 
and included fragments of rock or of earlier ore around which there are 
concentric “rings” or shells of banded ore and gangue minerals. The 
fragments are clearly isolated and may not touch either waU. They 
rarely touch each other. 

Ring ore forms in vein deposits at all depths. Kato** has recently 
described such ore in Dairen copper-tin veins of Akenobe, Japan. Ring 
ore is found in veins formed at moderate depths, as in rhodochrosite ores 
of Philipsburg, Mont., and in veins formed near the surface as at Creede, 
Colo. (Fig. 2). In the Swauk district, Washington,*® such ore, described 
by Smith, is found in veins that cut Eocene shales. Such ore is formed 
by deposition of vein matter around the fragments and completely sur- 
rounding them. At some places the vein matter forms successive crusts. 
At other places it is massive and crusts are entirely lacking. The silver 
ores of the Alacran mine, Zacualpan, Mexico, which show s 3 Tnmetrically 
banded crusts, have been described by Spurr.*® The crystallization of 
material cementing such ore has recently been discussed by Taber** 
and by Boydell.*® 

In the Hidden Fortune workings of the Homestake mine at Lead, S. D ., '® 
one may observe forming today a mineral deposit in which fragments of 
the waU rock, completely isolated, are being incorporated in the deposit. 

A. M. Bateman: Angular Inclusions and Replacement Deposits. Econ, Geol. 
(1924) 19, 504. 

“ T. Kato: Gopper-tin Deposits of the Akenobe District, Tajima Province, 
Japan. Jnl. College Sci., Tokyo Imp. TJniv. (1919) 43, 1. 

G. 0. Smith: Grold Mining in Central Washington. U. S. Geol, Survey Bull, 
213 (1902) 79. 

E. Spurr: Successive Banding Around Rock Fragments in Veins. Econ. 
Geol. (1926) 21, 520. 

k Taber: Mechanics of Vein Formation. Trans. (1919) 61, 3. 

H. C. Boy dell; Discussion on Metasomatism and the Linear Force of Growing 
Crystals. Econ. Geol. (1926) 21, 1. 

J. D. Irving: Economic Resources of the Northern Black Hills. U. S. Geol. 
Survey Prof. Paper 26 (1904) 13. 

J. O. Hosted and L. B. Wright: Geology of the Homestake Orebodies and the 
Lead Area of S. Dakota.-L Engng. <& Min. Jnl. (1923) 115, 793. 

S. Paige: Geology of the Region around Lead, S. Dak., and Its Bearing on the 
Homestake Orebody. U. S. Geol. Survey Bull. 765 (1924); also N. H. Darton and S. 
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The country rock is Pre-Cambrian schist and the lodes are great aurifer- 
ous replacements of calcareous members of the schist. The wall rock 
also is calcareous and waters that now circulate through it are high in 
lime carbonate. The Hidden Fortune adit is driven southeast in schist. 
About 920 ft. from the portal, a long crosscut extends northeast. About 
250 ft. from the main adit in this crosscut, a small stream of water issues 
from the rock and flows over the walls and floor. The crosscut is driven 
in schist and the walls and the floor of the workings are covered with a 
thick layer of lime carbonate. On the floor there are thousands of small 
fragments of the schist. Some of these have been cemented solidly 
together by deposition of lime carbonate. Others have been completely 
surrounded by crystalline calcite so that they have the appearance of 
piles of white marbles such as children use for playing games (Fig. 6). 
Most of these fragments are from 0.25 to 0.5 in. in diameter. At places 
they are cemented only at points of contact so that they may be easily 
broken apart (Fig. 6A). A few of the fragments are irregular blocks 4 
in. long or more, 3 in. wide and 2 in. thick. These also are thickly coated 
with lime carbonate. The water is clear and drinkable and is not highly 
charged with mineral salts except with lime carbonate. Where it issues 
at the openings, the carbon dioxide escapes and the lime carbonate is 
deposited. The reaction probably is 

CaH 2 (C 03)2 = CaCOa + HjO + COj 

Some of the fragments are coated with pure white calcite; others with 
bands of brown and white calcite alternating. The crystals forming 
the bands are elongated and lie normal to the surfaces of the fragments. 
The structure of this material is exactly like that of “ring ore” found in 
mineral veins. Some of the fragments do not show the alternating bands, 
but are covered with uniformly white calcite, which under a lens does not 
appear to be acicular. When these fragments are broken, some are found 
to have central cores of schist not more than 2 mm. in any dimension, 
covered uniformly with calcite more than 1 mm. thick. The total 
amount of calcite greatly exceeds the amount of the schist. Careful 
scrutiny shows that the lower sides which are at contact with the material 
on which the covered fragments rest are generally as thickly coated with 
the calcite as other sides are. Several fragments were more heavily 
coated on the lower sides at the points of contact than elsewhere. The 
water is not agitated, the fragments are flat, and they have not 
rolled over. 

The deposit of calcite with enclosed fragments on the floor of the 
crosscut is 3 in. thick at one place. In the lower part of it, the fragments 
are cemented into a solid mass several feet long and 2 or 3 ft. wide. The 
solid mass is 0.5 in. thick and where broken it showed many small frag- 
ments which formerly rested on the floor but which had been raised by 
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the gradual deposition of calcite. Some of the fragments in the upper 
part of the layer have been raised from the floor about 0.4 in. Under 
them was white calcite with a few small fragments. 

At one place a steel fragment 0.5 in. in diameter and 1 in. across was 
incorporated in the deposit. The mass of steel was completely covered 
with calcite and the part of it that rested against the floor was covered 
with a layer of calcite 0.15 in. thick. Steel has a specific gravity of 7.8, 
which is about three times that of the schist; yet the steel had been raised 
0.15 in. above the floor by the underlying deposit of calcite. A mass of 
schist nearly cubical in shape, and 3 in. long, was raised 0.1 in. On the 
lower side of the fragment, and also on the lower side of the steel, rhombic 
crystals of calcite were forming. 

The Hidden Fortune adit was driven about 1900. I visited it and 
studied the calcite deposit in 1915, and at several intervals two or three 
years apart after that, the last visit being in 1927. At each visit the 
water issued into the opening and the lower part of the calcite deposit 
was submerged at all times. The upper parts of the coated fragments 
were not always completely submerged. Every fragment seemed to be 
isolated. I have broken scores of them, which were completely covered 
with thick layers of calcite. 

Deposits of this character are of common occurrence in mines with 
orebodies or wall rocks of calcareous material. I have noted them in 
the mines of the St. Joe Lead Co., of Flat River, Mo., and elsewhere. 

Force of Growing Crystals 

The force of growing crystals^’ has been studied experimentally. It 
is comparable to the strength of the crystals formed. There is no 
evidence that large veins are opened by the force, though Becker states 
that this is possible. Leith and Mead note that sand grains, cemented 
to form quartzite,'* show under the microscope surprisingly few contacts. 
A large proportion of the original quartz grains are not in actual contact 
but are completely separated by the cement. They suggest the possi- 
bility of fragmental particles having been forced apart during cementa- 
tion of the quartz. The processes that isolate minute grains of 
quartz during cementation operate also on a large scale to isolate 
larger fragments. 

I was surprised to find that deposition is fuUy as rapid below the 
fragments where they rest on the floor as on the sides where no pressure 

G. F. Becker and A. L. Day: The Linear Force of Growing Crystals. Proe. 
Wash. Acad. Sci. (1905) 7, 283, 

S. Taber: Op. ctt. 

G. K. Leith and W. Mead: Metamorphic Geology, 129. New York, 1915, 
Henry Holt & Co. 

D. Irving and C. R. Van Hise: Enlargement of Quartz Fragments and 
Genesis of Quartzites. U. S. Geol. Survey BvM. 8 (1884). 
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is exerted. Experiments show that under some conditions crystals will 
be dissolved at places of maximum pressure and that the material will be 
deposited at places where there is less pressure. This is not the case in 
the Hidden Fortune mine. Where parts of the fragments were above 
water part of the time, the deposition was greater at the bases than at 
the tops of the fragments. The small fragments that were completely 
submerged, apparently at all times, were each covered completely with 
layers of nearly uniform thickness, although the layers covering certain 
fragments were thicker than layers covering others. On nearly vertical 
walls of the workings, minute calcite veinlets are forming in cracks in 
the schists. Some of these appear to be prying off bits of schist which 
later might be incorporated in calcite that is forming on the nearly vertical 
walls, although no completely isolated fragments were noted on the ver- 
tical wails. It is possible that a -fragment might be separated from a 
vertical wall and remain essentially in place while it is becoming incor- 
porated in and isolated by the surrounding cement. Such a fragment 
could remain attached while being separated, since the fragments that 
are now being raised above the floor are attached and must be struck 
gently to be dislodged. 

Localization op Fragments in Veins 

In certain districts the fragments in veins are known to be of dis- 
tinctly local origin. That is opposed to the theory that they were car- 
ried along by heavy magmas. This is shown at Creede, Colo., in the 
California gold belt and elsewhere. 

The Grass Valley district in Nevada County, Calif., is on the west 
side of the Sierra Nevada batholith. The deposits'® are gold quartz 
veins in and near a small domelike mass of granodiorite, which is one 
of many satellites that lie west of the main intrusive and probably are 
connected with the intrusive in depth. The chief veins strike northward 
parallel to the elongation of the intrusive. 

The roof of the Grass Valley intrusive consists of diabase and porphy- 
rite of the Calaveras group, and the veins lie in the intrusive and in the 
invaded rocks. The veins were formed in part by filling openings but 
according to Howe the deposition was accomplished mainly by replace- 
ment of the walls. 

The veins carry many fragments of the wall rocks. These are 
commonly angular and elongate. They lie in all positions often with hap- 
hazard orientation. They do not show the alignment like that of elon- 
gated masses which are caught up in a molten igneous mass, and they 
appear not to have moved far from their parent bodies. This feature is 


“ W. Lindgren: X7th Ann. Rept., U. S. Geol. Survey (1896) Pt. 2. 

B. Howe: The Gold Ores of Grass Valley, Calif. Been. Geol. (1924) 19, 595. 
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sliown very clearly in the North Star vein where it crosses from grano- 
diorite into the diabase-porphyry roof above the intrusive. In grano- 
diorite the fragments in the vein are granodiorite and in diabase porphyry 
the fragments are diabase porphjTy, and granodiorite fragments are 
wanting. 

Orb Shoots 

It is difficult to reconcile the distribution of primary ore shoots with 
the hypothesis that ore veins are solidified heavy solutions. It is a 
theory commonly accepted by prospectors that the intersections of veins 
are richer than the other portions. This theory has been tested by 
Roland Blanchard, who has kindly offered me the results of his studies in 
advance of publication. Of 137 examples of vein systems in which both 
branches of veins showed commercial ore, 74.45 per cent, showed the 
better ore at junctions; 11.68 per cent, showed little difference and 13.87 
per cent, showed poorer ore at junctions. In a system of connecting 
dikes formed simultaneously, the dike intersections are generally similar 
to other parts of the dikes. The materials of a connected vein system 
are generally much less homogeneous and the causes for the variations 
commonly are apparent. 

Veins of Crbede, Colorado 

In 1923, Spurr®® wrote a paper reviewing a bulletin on the geology 
and ore deposits of Creede, Colo., by Mr. Larsen and myself.*^ In 
this he states clearly and briefly his views regarding the method of vein 
deposition. He noted that ore veins are generally believed to be deposited 
by hot waters and says, “I have examined the evidence for this belief 
and have failed to find the needed proof. I find evidence . . . that 
many veins have been suddenly filled by injection of a heavy and highly 
concentrated solution containing metals . . . that this injection pene- 
trating a rift in the rock has distended it . . . producing the fissure 
. . . and has subsequently frozen to form the vein material.” He 
concludes that the Amethyst vein at Creede was formed by the solidifi- 
cation of a heavy magma, basing his argument chiefly on the presence 
of angular inclusions of the country rock. 

He reproduced two cross-sections of veins from the paper and argues 
that the fragments could not have been broken from the walls because 
the walls are regular and show no break. He says also that they could 
not have been moved away from the wall into the vein by the force of 
crystallization because the veins are massive and not banded. To him 
the rude parallelism of some of the fragments indicates the direction of 

J. E. Spurr: The Filling of Fissure Veins. Engng. & Min. Jnl. (1923) 116, 329. 

W. H. Emmons and E. S. Larsen: Geology and Ore Deposits of Creede District, 
Colorado. U. S. Geol. Surrey BuU. 718 (1923). 
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the predominant pressure affecting the heavy solutions at the time of 
solidification. 

I am not convinced of the validity of Spurr’s arguments and his 
conclusion is opposed to evidence which is presented in the U. S, Geol. 
Survey Bulletin reviewed. The walls of the veins are at places regular, 
yet that does not show that fragments have not been broken from them. 
As stated in the Bulletin, strong fracture planes, generally slickensided, 
follow one or both walls of the Amethyst vein and the sulfide ore itself is 
slickensided and at places polished smooth as glass.^^ The walls shown 
in the illustration in the Bulletin are not the walls that enclosed that 
part of the vein when the ores were formed. 

The fragments could easily have been moved into the vein by deposi- 
tion of quartz around them. That quartz has been so deposited is shown 
by Fig. 10 of the Bulletin, which is reproduced as Fig. 2 in this paper. 

Parallel fragments are shown at some places in the Amethyst vein, 
but at other places the longer axes of fragments are normal to each other. 
Parallelism is shown where isolated fragments are being cemented today 
in the Hidden Fortune mine by deposition from a solution that is not 
more than one-seventh as heavy as some of the fragments — by a solution 
that is in no sense an ore magma, but is in fact a very good drinking water 
(Fig. 6B). 

If the Amethyst vein had solidified from a viscous magma, which in 
moving lined out fragments, there should be flow lines such as occur in 
viscous magmas. If it had solidified from a fluid magma, included 
materials lighter than the magma would float and those heavier than 
the magma would sink. But the vein (Fig. 1) shows light rhyolite 
fragments near the foot wall actually below fragments of much heavier 
galena ore. This figure proves, to me at least, that the Amethyst vein 
could not have been deposited by a heavy solution. 


« U. S. Geol. Survey Bull 718, 128, Fig. 7. 




Aerial Photography as an Aid in Geological Studies 

By Gerard H. AIatthes,* Xew York, X. Y. 

(Boston Meeting, August, 1928) 

Only in recent years has any practical headway been made in the 
application of aerial photography to geological problems, and up to the 
present time its principal value to the geologist and mining engineer has 
been in “areal geology;” i. e.^ the study of formations as revealed at the 
surface. The object of this paper is to set forth briefly the principal 
advantages that may be derived from aerial photographic data in geolog- 
ical work and to serve in a measure as a guide to those who may be con- 
templating its use. 

Geophysical prospecting has for object the locating of mineral under 
the surface. Inasmuch as the geologist’s chief complaint in life is a dual 
one — ^inability to see under the surface and inability to visualize compre- 
hensively what he does see on top of the ground — geophysical prospecting 
coupled with aerial photography should do much to lessen his burdens. 
To what extent aerial photography can be made a useful adjunct to 
geophysical prospecting remains to be proved, but the inference drawn 
here is that it holds many alluring possibilities. 

To avoid disappointments, it should be stated at the outset that to the 
geologist or mining engineer an aerial photograph or mosaic is only a tool, 
the efficient use of which he must set out to master. Upon his skill and 
ingenuity in appl3dng it to particular problems will depend largely the 
value of the results that he will obtain. Under the most favorable con- 
ditions an aerial mosaic, or even a few loose photographs, because of the 
exceptionally comprehensive oversight which they afford of field data, 
such as dips and strike observations at isolated outcrops, local indications 
of faulting, mineral and fossil finds, greatly facilitate study and correlation, 
save much tedious foot work, and may repay their cost many times. 
Even so, types of country may be found where the most skillful use of 
the best of pictures will produce results so meager as to render the cost 
of aerial photography entirely unwarranted. 

Between these two extremes will be found endless variations and 
possibilities. Hence no set rules can be promulgated. The safest pro- 
cedure is to treat each case as a separate problem and to carefully weigh 
the relative advantages and shortcomings of aerial photography before 
embarking on its use. 
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Ikterpretatiox of Piiotograpuic Detail 

Familiarity with “reading” ordinary* maps is no qualification for 
interpreting the features of the earth’s surface as seen in vertical photo- 
graphs/ since man, being a land animal, is not accustomed to viewing 
objects from the air. Even to experienced geologists physiographic 
and geological features possess many novel aspects when so viewed for 
the first time.- Figs. 1 and 2 are reproductions of vertical photographs. 
The geologist, in this respect, is placed in much the same position as the 
forester, who, however expert he may be at identifying tree species from 
the ground, has this to learn all over again when viewing them from above, 
as he does in an aerial mosaic of a forest. It is therefore indispensable to 
make a first-hand study of the terrain, mosaic in hand, and thus correlate 
the new aspect of things with the old. This is recommended even to the 
experienced whenever an investigation involving new or unusual features 
is being undertaken. Besides, the study of photographs never can take 
the place of field examination. 

Photography from high altitudes requires the use of color screens or 
ray filters, to eliminate the effects of atmospheric haze. This results 
in modified color values, greens appearing dark while bare soil, whether 
seen in a mere cow-trail or in a freshly plowed field, assumes very light 
shades bordering on white. This is true even of yellow and red clay 
soils when dry and of the outcrops of many varieties of rocks which nor- 
mally would photograph dark. Bodies of deep clear water show up black 
or very dark except where they happen to reflect the sun, while muddy 
waters reflect diffused light and appear in various shades of gray, depend- 
ing on the degi'ees of their turbidity. Vegetation assumes such widely 
differing aspects according to locality and season as to defy description 
here. The subject is not without interest to the geologist, however, as 
vegetation under certain conditions serves as an index to soil conditions 
and may indicate the presence of mineral. 

Each type of country possesses photographic characteristics of its own 
and these affect more specifically the clearness with which drainage lines 
may be followed out. Unexpected extremes are met with in this con- 
nection. Thus, the plains of Texas afford the most extraordinarily 
complete exhibits of water courses — dry for the most part — ^while in 
some of the more salubrious sections of the United States vegetation may 
either mask or accentuate drainage lines. In heavily timbered regions 
the almost unbroken crown cover of the trees usually hides from view 


1 The term “vertical photographs” applies to exposures made with the camera 
pointed downward vertically or nearly so. 

® A useful introduction to this phase of the subject will be found in The Face of the 
Earth as Seen from the Air, by Willis T. Lee. Spec. Pub, No. 4, Amer. Geog. Soc. 
(1922). 
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Courteiy of Fairchild Aerial Swneye^ Inc, 

Fig. 1. — ^An area in the Sierras photographed yerticallt, reveading a pairlt 

COMPLETE SEQUENCE OP FORMATIONS. 
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the smaller water courses. This may be overcome through stereoscopic 
examination, which brings out the relief and indicates small valleys, 
gulches, and ravines. 

As regards gi\ung expression to topographic relief, aerial mosaics 
have decided limitations. In regions of bold relief the lights and shades 
are excellent and bring out the topographic features unmistakably, but 
mountain tops will frequently be out of position as well as out of scale 
by appreciable amounts. Gently rolling and plains country, on the 
other hand, afford no clue to relief, and the latter must be worked out 
by reference to the drainage. This is not a serious shortcoming, as the 
stereoscope, with its exaggerated vertical effects, more than makes up 
for it. Indeed, aerial photographs that are deficient in showing the 
topography, as a rule are the better “map pictures,'' in the sense that 
they show objects in almost true position. 

Technical Side op Aerial Surveying 

It has been assumed, for the purposes of this paper, that the reader is 
familiar with the fundamentals of aerial surveying. The geometrical 
relations are quite simple, and so far as the needs of the geologist are 
concerned may be quickly mastered,® hence will not be described here. 

Methods of Aerial Surveying 

It has become standard practice to make exposures from airplanes at 
high altitudes — anywhere from one to three miles above the ground, 
depending on the requirements of the survey to be made — and to time the 
exposures so as to secure an abundance of overlap between successive 
pictures. Although modern aerial cameras have reached a high state of 
perfection and their performance is truly remarkable, as yet no successful 
device is at hand for keeping the collimation axis continuously vertical. 
It still is necessary for the “observer," as he is called in this work, to plumb 
the camera by hand with the aid of a spirit level prior to each exposure. 
This, without doubt, is the crudest operation in the entire program of 
aerial photography and would scarcely be expected to produce acceptable 
results were it not for cooperation on the part of the pilot by “leveling 
up" his plane upon signal from the observer when the time for making an 
exposure draws nigh. Even so, with the best of trying and of team work 
between observer and pilot, tilting of the camera will occur at the 
crucial moment. 

Tilt, that is the deflection angle between the line of collimation and the 
plumb line, rarely amounts to as much as 3°, being usually less than V 

» See text on Aerial Mapping in Breed and Hosmer's Higlier Surveying, 2, Chap. 12. 
New York, 1926. John ^^ey & Sons, Inc, 
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and in high-grade work less than 0.5°, which is commonly considered 
vertical for all practical purposes. A so-called tilted photograph is one 
having an obliquity of 2.° or more, and requires special treatment before 
it can be made useful, failing which it may have to be discarded. Tilt, 
at present, is the chief obstacle in aerial surveiung, mainly because its 
amount and direction are not capable of being determined quickly or 
e.xactly except by resorting to ground survey checks. One practical 
aspect of the tilt situation is that an airplane must be kept on a straight 
course while vertical photography is in progress. Despite the ever-recur- 
ring demand that is being made for it, it remains to this day impracticable 
to photograph a river vaUey vertically while following the sinuosities of 
the river with the airplane. 

Areas to be mapped from the air, no matter what their shape or size 
may be, must be covered by a succession of straight strips of overlapping 
pictures, generous overlapping being allowed betw'een successive strips so 
as to avoid gaps. The airplane is flown back and forth in straight parallel 
courses at as closely as possible the same altitude, the exposures being 
made by hand or by an automatic timing device, while the camera is 
turned in azimuth so as to compensate for the angle of “crab” of the air- 
plane. Throughout, the greatest skill is required. 

Clearly, this is no job for amateurs, nor are any worth-while results 
to be obtained except with the best of aerial and photographic equipment. 
Kodaks and ordinary cameras are all but useless for this class of work. 

Up to the present time, single-lens cameras have been employed 
chiefly for securing photographs for use in geological studies, and 
in general they are best suited for that purpose. Multilens cameras 
are superior to single-lens cameras as regards covering large areas cheaply, 
but the resulting photographs are inconvenient to work with in the 
field, do not make up well into mosaics except of plains country, and 
are not adapted to mapping regions of bold relief. 

The importance of securing generous overlap cannot be overempha- 
sized. For stereoscopic study alone at least 50 per cent, is needed in 
order to see any desired point in relief. For geometrical reasons in the 
construction of line maps, as well as for the best results in constructing 
mosaics, from 50 to 60 per cent, overlap is an absolute necessity. Finally, 
ample overlap is the main safeguard for insuring continuity and permits 
the discarding of occasional defective exposures. 

Standard film for single-lens cameras is 24 cm. in.) wide and 
usually 76 ft. long, capable of taking about 100 exposures each measuring 
18 by 24 cm. (7 by 9 in.). The camera lenses are ground so as to produce 
images free from noticeable lens distortions. Standard focal lengths are 
8, 10, 12 and 20 in. The use of focal-plane and between-the-lens shutters 
is about equally divided. Special devices hold the heavy film flat and 
motionless in the focal plane at each instant of exposure. Development 
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Fig. 2. — A remarkable vertical photograph op a portion op the Colorado Rwer delta, showing a maze of channels amid dense 
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and drying of such large films requires special facilities, ordinary- photo- 
grapher’s dark rooms being entirely inadequate for the purpose. 

Expeditions intending to make use of aerial photograph}^ in uncivilized 
regions should plan with the greatest of care if failure and disappointment 
are to be avoided. This applies especially to aerial surveys in tropical 
regions, where such seemingly simple matters as providing ample sup- 
plies of cool clear running water, ventilation of dark rooms, maintaining 
landing fields, providing facilities and repair parts for keeping airplanes 
and cameras in repair, become momentous problems. 

Careful consideration should be given to the selection of the scale of 
the photographs. It is customary to make single-lens exposures at scales 
ranging from 600 to 1500 ft. to 1 in. Assuming the focal length to be 
12 in., a common procedure would be to photograph from an altitude 
of 9600 ft. above the average elevation of the ground, thus obtaining a 
scale for negatives of 800 ft. to 1 in. Enlargement to 400 ft. to 1 in. is 
then entirely feasible, making prints approximately 14 by IS in. in size, 
convenient for use on the plane table. To the geologist the main con- 
sideration should be to secure a field scale that will enable him to recognize 
small surface details, so valuable in locating himself without having to 
resort to pacing distances, and to be so gaged as to bring out those features 
with which his study is particularly concerned. At 400 ft. to 1 in., 
practically all that is of direct interest becomes visible to the experienced 
eye. In some types of country, as for instance in parts of the arid western 
United States, scales of 800 and even 1200 ft. to 1 in. will be found ample 
for field purposes. Enlargement to more than two diameters is not 
recommended except in special cases, as the prints become unwieldy, and 
in the end not suflScient additional detail is made visible to warrant the 
extra expense involved. Many will prefer to use the contact prints with 
the assistance of a small reading glass, and in the long run this will be 
found to be the simplest as well as the least costly plan. 

Forms of Photographic Data 

After vertical exposures have been made, there are at least five distinct 
forms in which the photographic data may be utilized: 

1. Contact prints, sometimes called original photographs, made by 
printing in direct contact with the negatives, in the usual way. 

2. Enlargements or reductions made by projection from the negatives. 

3. Rough mosaics, which are assemblages of the central portions of 
contact prints to form rough photographic representations of the earth’s 
surface. This may be done with or without reference to control points 
on the ground, and results in reconnaissance maps showing a large 
amount of detail but not to be trusted as regards scale. 

4. Conirolled mosaics, often called photographic maps, which are 
assemblages of prints that first have been rephotographed to uniform scale 
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by reference to ample gi’ound control, thus producing photographic 
representations of the surface to accurate scale and geographically correct. 
Ground control, whether consisting of triangulation or of traverses, is 
indispensable for this purpose, and is usually best provided after the 
exposures have been made. 

5. Hand drawn plats, or so-called line 77iaps, prepared on tracing linen 
by transferring by hand the more important features portrayed in vertical 
photographs. The result resembles in many respects the customary 
traced maps produced by engineers and geologists, but differs from the 
latter in not being derived from field survey notes. Here, as in the con- 
trolled mosaic, it is important to provide ample ground control. Scale 
distortions and displacements of photographic images may then be readily 
corrected and an accurately scalable map produced. This method is 
recommended wherever ability to scale distances is of importance, as in 
property maps ; also for statistical purposes where colors may have to be 
used extensively. An important advantage of the line map is the ease 
with which it may be reproduced. It is not recommended to obtain line 
maps by tracing controlled mosaics, except in regions of low or moder- 
ate relief. 


Oblique Aerial Photographs 

Oblique aerial photographs (see Fig. 3) have been found of decided 
value in the engineering world and are preferred to vertical photographs 
for certain purposes. This relates to views where perspective is an aid 
rather than a detriment; or, stating it differently, wherever scalability, 
as in a map, is of no great moment. Oblique views possess two manifest 
advantages: they comprise large fields of view and are therefore more 
economical than vertical exposures; they give a fair idea of topographic 
relief, a property in which vertical photographs are deficient except as 
viewed stereoscopically. 

There are times in geological investigations when aerial obliques give 
at once the quickest and cheapest results, as, for instance, in the mineral 
prospecting done recently in Northern Rhodesia. Large areas were 
photographed methodically by the oblique method for the purpose of 
detecting the presence of copper ores as revealed by stunted vegetation. 
The same method has .been tried for locating oil seepages in tropical 
regions. The possibilities of mineral prospecting by this method are 
doubtless capable of further development. 

Stereoscopic Examination 

The stereoscope enables one to view the face of the earth in relief 
by placing two overlapping photographs in proper position under its 
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Courtesy of Fairchild Aerial Surveys, Inc. 

Fig. 3. — Oblique view of region of sparse vegetation, showing a large amount of geological detail. 
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reflecting niirroi-s. Only the area duplicated in the pictures will be seen 
in relief. It is well to note that people who lack vision at one eye, or 
whose eyes are of quite unequal strength, can get no benefit from .the use 
of the stereoscope. This is because the stereoscopic effect is produced 
by the optic nerves, not by the stereoscope. The latter merely assists 
in placing before the eyes pictures taken at points widely separated. 
This is equivalent to gi-eatly increasing the visual angle and in conse- 
quence the relief appears exaggerated. However, this exaggeration of 
the vertical scale has a pleasing effect on human eyes and assists in bring- 
ing out the minor inequalities and slopes of the terrain which otherwise 
would be scarcely noticeable. While actual differences of elevation 
cannot be determined by mere stereoscopic examination, an excellent 
conception of relative differences of elevation may be so gained. To the 
geologist the stereoscope makes available the same class of information 
that a relief model does, only better, in the sense that the stereoscope 
utilizes actual photographs of the terrain. This means bringing into view 
a wealth of minor detail such as trees, trails, fences, quarries, cliffs, out- 
crops, highway and railroad embankments and cuts, and a variety of 
vegetation conditions. Fault lines may become noticeable under the 
stereoscope which, on a single photograph, may remain too obscure to 
attract attention. Of great value to the geologist is the convenience 
afforded of following out fault lines as on a relief model; of noting the 
slight ridges and valleys produced by certain formations; the continuity 
of outcrops and key formations; the character of the vegetation as 
affected by soil conditions; sinks in limestone regions; alluvial lands; form 
lines produced by outcrops of nearly horizontal strata; the strike of 
formations as plainly evidenced by outcrops and especially by reefs in 
the beds of streams where the water is shallow ; and, in general, the erosion 
features of the topography as an index to the physiography of the region. 

When aerial photographic work has been well executed and an overlap 
of not less than 50 per cent, has been obtained between consecutive expo- 
sures, the story that may be read out of the pictures under the stereoscope 
is truly amazing. Nor is this all. Unlike the aviator who can get only 
very distant views, largely obscured by haze, and who rarely gets oppor- 
tunity to see any part of the landscape quietly and in detail, the geologist, 
while comfortably seated in his oflB.ce or while reclining under a tree in 
the field, is enabled to study the face of the earth stereoscopically in great 
detail and as frequently and intently as he may desire. 

It now becomes necessary to spoil this good story by stating that 
aerial photographs on which notes have been made with ink or pencil, 
as the result of field work, cannot be viewed stereoscopically — ^the marks 
either destroy or weaken the stereoscopic vision, at least to most observ- 
ers. The remedy, of course, is simple enough; it means providing one 
set of contact prints solely for stereoscopic purposes. 
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Fairchild Photograph, — Courteay of The Military Engineer, 

Fig. 4. — An example op the highest type op controlled mosaic in which elevation displacements and scale distortions 
HAVE BEEN CORRECTED THROUGHOUT. ThIS MOSAIC WAS MADE FOR AN OIL SURVEY. 


332 AERIAL PHOTOGRAPHY AS AX AID IX GEOLOGICAL STUDIES 

Use OF Aerial Photographs 
For Reconnaissance Work 

Controlled mosaics are ideal for reconnaissance work but most often 
are out of consideration for economic reasons or because they cannot 
be made without proper ground control. (A controlled mosaic is shown 
in Fig. 4.) In the absence of control it is necessary to get along with 
rough mosaics. However deficient in scalable qualities a rough mosaic 
may be, it often will be found extremely useful for this purpose. This is 
because location is more a matter of identification by reference to objects 
portrayed in the mosaic rather than by measuring distances and bearings 
as in the older methods. In ordinary fairly open country the use of the 
mosaic often dispenses with the need of any pacing or traversing. The 
low cost of producing a rough mosaic renders it weU suited to reconnais- 
sance purposes whenever an extensive area must be covered in order to 
locate a few spots of high mineral value. Such spots, once located, being 
of specific interest, may then be mapped in the form of controlled mosaics 
by first providing the necessary ground control at each one, and perhaps 
connecting the individual areas by traverse survey. In any event a 
great deal of cost will thus be saved in ground surveying and in construct- 
ing mosaics. If the photographic work has been well done no addi- 
tional aerial exposures will be required for making up the mosaics. 
Regions where mineral occurs in zones or belts may be treated in the same 
manner. 

When time is of great importance it is advisable to dispense with even 
a rough mosaic and start field operations as soon as the contact prints 
become available. Good work can be done with contact prints accom- 
panied by an index sheet showing number and location of each exposure. 
This method appears to have gained favor among the oil geologists on the 
Pacific Coast and has decided merits; namely, (1) low cost; (2) avail- 
ability as soon as developing and printing have been finished thus saving 
the quite appreciable item of time required for putting together any form 
of mosaic; (3) grcaier-convenience in handling, the 7 by 9 in. prints being 
readily carried in a compact leather or canvas case; (4) better adaptability 
to the vicissitudes of rough work and inclement weather than either form 
of mosaic, the prints, if damaged, being readily replaced at small cost, 
while for mosaics the reverse is true; and (5) availability for viewing stereo- 
scopicaUy. In the field this may be done with the aid of a light folding 
stereoscope. It is to be remembered that neither form of mosaic can be 
viewed stereoscopically. 

In other respects the mode of procedure, when working with contact 
prints, is the same as in the ease of the rough mosaic outlined above, a 
controlled mosaic being made up for each area of specific interest as the 
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need therefor arises. The contact prints will be found especially useful 
in determining the exact areas to be covered by such mosaics. 

Having dilated on the advantages of working with contact prints, it 
seems fair to state the disadvantages of this method : (1) the area covered 
by a single print is limited, therefore the region can not be viewed compre- 
hensively, as in a mosaic (this may be partly offset by the geologist’s 
general knowledge of the region or by reference to a general map) ; (2) 
uncertainties as regards scale, a defect shared also by the rough mosaic; 
(3) inconvenience in spreading out a large number of contact prints in 
the office when desiring to assemble data for correlation. 

The advantages fairly outweigh the disadvantages. The mere ability 
to -start field operations the instant contact prints are available will 
frequently be the deciding factor in favor of working with the latter. 

For Use on the Plane Table 

Vertical aerial photographs used singly are admirably adapted for 
plotting geological data and contour lines by the plane-table method. 
Where use is made of aneroid or hand level for determining elevation 
differences, the small traverse type of plane table and a sight alidade are 
recommended. Where accurate contouring is of importance, it is better 
to use the standard 18 by 24-in. plane table and a telescopic alidade. 

Except in timbered country, it is rarely necessary to resort to plane- 
table traversing. In reasonably open country it is customary to ‘ ' set up ” 
at any convenient spot that is easily recognized on the ground and in the 
picture, and orientation is then effected by sighting at distant objects 
appearing within the scope of the photograph. Such objects should be 
selected with a reasonable degree of care and it is important that they be 
at elevations not materially different from that of the point occupied. 
The only exception to this rule is when the line of sight happens to pass 
through the center of the photograph. Any high or low point may then 
be sighted without the orientation being thrown out by eleva- 
tion displacement. 

The most important advantage of locating geological data by this 
method is the assistance derived from being able to see objects on the 
ground portrayed in the photograph. The extent to which this is capable 
of being carried with the aid of a reading glass and a little practice is 
astonishing. Images of objects that ordinarily would impress no one as 
being of any practical interest become important reference points. To 
locate an outcrop, for instance, by reference to the nearest hillside gully 
and perhaps a young tree, itself hardly visible in the picture, but still 
accounted for by its prominent little shadow, become matters of daily 
routine and save an immense amount of labor. 

In contour surveying there is the inestimable advantage of being able 
to check the position of each stadia shot as rapidly as platted by noting 
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th(^ position of the rodnmn with rofcronce to neighboi'ing objects; like- 
wise of able to check contour location by reference to treeS; 

bushes, boulders, etc., as would come natural to the practiced eye of 
a topogi'apher. 

In country of bold relief differences of elevation may be determined by 
reading vertical angles and scaling photographic distances. The latter 
must, in each instance, be corrected for elevation displacement by the 
radial line method, which may be done graphically in the field with but 
little labor. 

Instead of using single vertical photographs on the plane table, entire 
mosaics may be utilized as plane-table sheets. The method is not without 
difficulties where the relief is pronounced, but gives excellent results in 
regions of low or moderate relief. It is advisable in contour sketching 
to make the contours fit the photographic detail, thus foliowring out the 
elevation displacements rather than to try to correct the latter. The 
resulting inaccuracies are for the most part minor. 

For Illustrating Reports 

Aerial photogi*aphs are effective for illustrating geological reports. 
Pertinent field and office. data may be entered on them with India ink 
and the photographs are then readily reproduced by rephotographing to 
any suitable scale. Provided with a north point, bar scale, legend and 
title, such reproductions are superior to conventional sketches or maps 
and are especially suited to accompany reports to boards of directors. 
This is because to the nontechnical man, yrhether banker or lawyer, such 
illustrations convey infinitely more than do the old-style maps. More- 
over, the nontechnical man takes more naturally to reading aerial photo- 
graphic detail than he does ordinary maps because the images of natural 
objects appeal to his imagination. 

Oblique photographs add a great deal to any geological report by 
giving color to the general character of the country under discussion. 
They convey information of a kind that is never adequately covered by 
either words or maps. 


For Exhibits in Lawsuits 

Effective use has been made of aerial photographic exhibits as legal 
evidence in lawsuits of various kinds. It is entirely conceivable that 
they may be used with equal success in controversies affecting mineral 
.rights. This aspect is the more interesting because maps of the tradi- 
tional kind, owing to their conventional signs, confusing contour lines and 
above all their many blank spaces so unaccountable to the lay mind, have 
never been popular in court rooms. Aerial photographs and mosaics, 
on the other hand, though having little legal precedent, from the start 
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have appealed strongly to both court and jurjnnen. To quote one 
Califorma attorney who has used them successfully : 

“There is no reason why a photograph of property taken from the 
air could not be used in evidence in any case that it is pertinent to, 
providing the proper foundation for its introduction into evidence is laid. 
By foundation, I mean to show that the aerial survey or photograph is an 
accurate exposition of the matter of which the survey is made." 

Determination of Property Boundaries 

Property boundaries usually show up well in vertical photographs if 
marked on the ground by fences. In many localities a controlled mosaic 
is tantamount to a property map because it shows in detail the extent and 
lay of each farm or piece of property, including the buildings and other 
improvements thereon. This is valuable for securing options or for right- 
of-way work. However, for property transfers calling for legal descrip- 
tions by metes and bounds, aerial photographs will not answer, and the 
necessary distances and bearings will have to be secured by survey in 
the usual way. Aerial photographs cannot be made to take the place 
of that class of surveying. 

Advantages op Contracting with Reliable Firms 

It is no longer advisable for engineers or geologists to imdertake aerial 
photographic work, for the simple reason that it is too difficult to learn to 
do well. The fact is, aerial surveying has developed into a highly spe- 
cialized business that calls for costly equipment and specially trained 
personnel in three distinct vocations, viz.: aviation, photography, and 
construction of mosaics. Few men are able to qualify in more than two 
of these vocations, and it takes years of experience to become expert at 
any one. For the best results and least delay, it is advisable to have 
aerial photographic work done by specialists and by contract. The same 
is true of the making of mosaics. At present only commercial firms 
of long standing can handle mosaic work acceptably. Even the Govern- 
ment bureaus, which do not specialize in that class of work and maintain 
no specially trained personnel for it, find it difficult to turn out 
a good product. 

As mentioned before, for many geological purposes mere contact prints 
taken with the proper overlap will suffice. Surveyors, engineers, and 
geologists can be taught to work with contact prints or enlargements, in 
both field and office, and to make acceptably scalable plats from them. 
The principles involved are simple but some practice is needed to 
acquire skiU. 

An important advantage that accrues from contracting with compe- 
tent commercial agencies lies in their willingness to assume all aviation 
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risks and to protect their clients against damage claims resulting 
from accidents. 

:Moreover, there is considerable risk in engaging aerial surveyors who 
have not been thoroughly trained. Bitter experience has taught that a 
great deal more is required than mere ability to fly an airplane or take 
photographs. Inadequate organization and equipment or lack of proper 
financial backing has spelled ruin to numerous aerial survey companies 
in the United States, has resulted in contracts being left unfinished, and 
in serious losses of time to the clients. 

Secrecy op Aerial Surveys 

The value of aerial surveys in avoiding publicity has been thoroughly 
demonstrated by the quite general use that is being made of them by the 
electric power companies in prospecting for rights of way for important 
transmission lines. Such surveys are usually made from altitudes suffi- 
ciently high above the ground to avoid attracting any attention, and 
without any ground survey control. In consequence property owners 
are easy to deal with and important rights of way are acquired at greatly 
reduced cost. The resulting mosaics, although made without control, 
except in cases where survey points from earlier surveys happen to be 
available, are made to as uniform a scale as practicable and satisfactorily 
serve the purpose of projecting power-line locations. In general, similar 
methods may be applied to advantage in making mineral surveys from 
the air where secrecy is of paramount importance. 

Cost 

Contact prints, accompanied by a skeleton index map, usually cost 
S8 to $10 per exposure, with variations introduced by the size and shape 
of area to be covered and by climatic conditions. To this should be 
added the expense of bringing the airplane and crew to the scene of 
operations and for their return journey, allowing $1 per linear mile flown. 
Scale is an important factor in aflecting costs as shown in Table 1 

Table 1. — Number of Single-lens Exposures Required at Various Scales. 


Scale 

i Exposures per Linear Mile of 

Flight 1 

Exposures per Square Mile 

1 in. to 1200 ft. 

1 1.57 

1.54 

1 in. to 1000 ft. 

1.89 i 

1 2.21 

1 in. to 800 ft. 

* 2.36 1 

3.46 


1 


For controlled mosaics the costs as stated above, are increased at the 
rate of $10 per exposure. This does not include ground survey control 
for which no estimates can be given here owing to their extreme 
variability. 




Geology of the Moffat Tunnel, Colorado* 

By T. S, LoVERIN"G,t WASHIXGTOy, D. C. 

(New York Meeting, February, 192S) 

The MoflFat tunnel passes through the continental divide about 50 
miles west of Denver, Colo., on the Denver & Salt Lake R. R.^ It is 
16 ft. wide, 24 ft. high, and 32,383 ft. long, a distance of a little more than 
6 miles. The advantages accming from its construction may be briefly 
summarized as follows : The tunnel eliminates 27 miles of grade averaging 
more than 3.5 per cent, and actually running well over 4 per cent, in 
many places, and changes the steepest grade from 4.5 to 2 per cent. It 
reduced the peak of the railroad from 11,660 to 9249 ft. which enables 
one engine to pull four times as much freight as it could before the tunnel 
ivas built. If the Denver & Salt Lake R. R. completes its line, this 
road will shorten the distance between Denver and Salt Lake City by 
200 miles and will have no steeper grades than the lines now connecting 
the two cities. 

The proposal to drive the tunnel through the divide dates back about 
25 years and D, H. Moffat, who was the leading spirit in the organization 
of the Denver & Salt Lake R. R. spent much of his time and energy in 
efforts to raise money for the tunnel that bears his name. He was 
unsuccessful and died before the work was started. In 1920 an effort 
was made to obtain state legislation favoring a bond issue to finance three 
important railroad tunnels in Colorado but the measure was defeated, 
largely through the efforts of the citizens of the region near Pueblo. A 
few years later devastating floods caused the Pueblo voters to seek relief 
from the state and at this time they withdrew their objection to the 
tunnel bond issue. As a result, a $6,720,000 bond was issued to finance 
the Moffat tunnel. Construction bids were so high that the work was 
finally allotted on a scheme analogous to a cost-plus basis. The contract 
was awarded to Hitchcock and Tinckler, who are paid a fee of $140,000 
for driving the tunnel. All bills are paid by the Moffat Tunnel Com- 
mission. The contract was let Sept. 19, 1923, and Hitchcock and Tinck- 
ler agreed to complete the work by July 19, 1927. In the event of 
finishing before this date they were to be given a bonus of $1000 a day and 

* Printed by permission of the Director of the U. S. Geological Survey. 

t Assistant Geologist, U. S. Geological Survey. 

^A well illustrated description of the tunnel, its history, the methods of con- 
struction employed, and the organization of the personnel can be found in a series 
of articles by R. G. Skerrett: Driving a Tunnel through the Continental Divide. 
Compressed Air Magazine (1925) 30, 1133, 1165, 1205, 1237, 
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if completion was dekj-ed to a later date they agreed to pay the Moffat 
Tunnel Commission $1000 a day for liquidated damages. Excavation 
was completed Dec. 10 and trains will probably pass through the tunnel 
before the end of Februarj'. 

Before the tunnel was driven the ground was carefully examined by 
the State Geologist and several engineers. Based on those preliminary 
surveys the total cost of the undertaking was estimated at $5,250,000. 
The actual cost has been approximately four times this figure. The 
original estimate was based on the assumption that the tunnel would be 
driven entirely in strong solid rock. In reality about two miles of the 
tunnel is in weak material that requires substantial support. Oregon 
fir, gunite, steel sets and reinforced concrete have all been employed to 
hold the heavy ground and in the worst zone more than 2 tons of steel 
per xTinning foot of tunnel are employed to reinforce a high-alumina, 
quick-set concrete Jacket which is 32 in. thick in the bottom, 29 in. in 
the roof, and from 30 to 45 in. thick in the sides. 

A pilot bore called the water tunnel was driven 76 ft. south of the 
railroad tunnel. The 9 by 9 ft. heading of this pilot opening was driven 
in advance of the main tunnel and served to explore the ground and 
prepare the engineers for their diflBculties. Crosscuts between the two 
tunnels at intervals of about 1500 ft. allowed material to be handled with 
great efficiency and greatly expedited the construction of the railroad tun- 
nel. Nearly aU the bad ground was encountered near the west portal of the 
tunnel, the most troublesome material was gradually entered about 12,000 
ft. east of the west portal and extended another 1000 ft. to the east. 

In this zone the ground swelled continuously and almost irresistibly. 
In the water tunnel, 12 by 18-in. timbers of Oregon fir were broken like 
matchsticks. The timber used in 100 ft. of this tunnel — not including 
any replacements — ran as high as 89,000 foot-board measure of Oregon 
fir. Much of the timber failed in a few days when the ground was first 
opened up but is holding much better at present. SiTm’1a.r but greater 
difficulties were encountered in the main tunnel and, of course, increased 
driving and construction costs enormously. 

Failure in the water tunnel was frequently reflected in the railroad 
tunnel 75 ft. to the north by a strong southward drag. For this reason 
the engineers determined' to place a concrete Jacket in the water tunnel 
in the zones of heaviest ground. 

As the concreting of the water tunnel woxild pennanently hide the 
wall rock, it seemed advisable to make a geological study of this 6-mile 
cross-section of the Rocky Mountains before important parts of the 
geology were sealed off. The purpose of the study was threefold: (1) 
to record the details of the geology and structure; (2) to determine the 
cause of the heavy ground; (3) to note how much of the structure revealed 
in the tunnel is reflected on the surface. 
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Gkolcxjy of TiiK Divide 

The Aloffat tunnel is alnnist wholly in Pro-Cambrian rocks but a 
thin cover of Quaternary glacial debris and Recent slope wash covers the 
ancient bed rock at either end of the tunnel. The chief rocks encountered 
were injection gneiss, pegmatite, quartz monzonite, granite, and schist. 
Like many Pre-Cambrian regions, the general structure is simple if 
viewed in a broad way but is exceedingly complex when studied in detail. 
For a general picture, it is sufficient to realize that the tunnel passes 
through two anticlines, separated by a strong fault zone known as the 
Ranch Creek fault, which occurs about 2 miles east of the west portal. 
Schist, with min or amounts of pegmatite and injection gneiss, is the chief 
rock west of the Ranch Creek fault and quartz monzonite and injection 
gneiss are the chief rocks east of the fault. In addition to the Ranch creek 
fault there are many subordinate fracture planes having gouge seams 1 to 
12 in. thick. They are more frequent in the schist area than in the 
eastern part of the tunnel. They are not evenly spaced but the average 
distance between them is 500 ft. on the western side of the Ranch Creek 
fault and 1000 ft. on the eastern side. Nearly all the fracturing of the 
quartz monzonite and injection gneiss occurs along cross breaking faults, 
but in the schist there has been a large amount of movement along 
bedding planes as well. 

Along the Ranch Creek fault the maximum movement occurred in a 
zone about 200 ft. wide, where greatly altered masses of schist, granite, 
gneiss, and quartz monzonite are broken and intermixed in a network of 
thick gouge seams. To the east, within the comparatively short distance 
of 250 ft., this material grades through bleached and shattered granite 
into strong fresh-appearing granite and quartz monzonite. From this 
point to the east portal, practically all of the tunnel is imtimbered. For 
600 ft. to the west of the zone of maximum movement, the ground im- 
proves very gradually. Throughout this belt the schist is cut by many 
strong cross faults and in addition has undergone a tremendous amount 
of interlaminal movement. The western edge of the fault zone is fairly 
well defined and within 50 ft. the character of the rock changes from weak 
swelling ground cut by many gouge seams to fairly strong, massive quartz- 
sillimanite schist. 

The rock in the Ranch Creek fault zone is moist but no water-bearing 
fissures occurred in this part of the tunnel. The only large flow was 
tapped in the eastern half of the tunnel about 8000 ft. from the east 
portal. A narrow fissured zone dipping east at 45° 5 delded 1800 gal. per 
min. when it was first tapped. This flow soon decreased and dropped to 
150 gal. per min. within a month. This fissure is directly beneath Crater 
Lake and the level of the lake feU several feet as a result of this subsurface 
drainage. A few other water-bearing fissures were encountered but 
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water has never been a serious problem for more than a few days at 
a time. 


Heavy Ground 

Any rock that requires sills, posts, caps, side and top lagging, is classed 
as heaty ground. In the Moffat tunnel heavy ground is due in part to 
the character of the schist and the gouge-filled minor faults, but especially 
to the Ranch Creek fault zone. Much of the distance through schist 
between the west portal and the Ranch Creek fault is in heavy ground, 
although there are moderate distances through strong ground that require 
little or no timber. In general, the timber replacements are moderate 
through this section of the tunnel and anyone familiar with the mines 
in the near-by schist areas would find nothing unexpected in the 
behavior of the rock. The inherent weakness of the schist has been 
accentuated by crumpling and differential movement in the softer layers 
and substantial support is needed when passing through this type 
of rock. 

The minor faults that carry gouge seams more than 8 in. thick com- 
monly have walls of altered rock, and strong timbering is usually required 
in passing through them. At some of the strongest of these faults the 
first timbers failed within a few days. The forces causing the failure 
acted like hydrostatic pressure; in the first sets used the mud sills were 
bent up into the tunnel and broken, and when octagonal sets of nearly 
uniform strength were substituted, failure occurred in an apparently 
haphazard way, successive sets breaking indiscriminately at top, bottom, 
or sides. The use of 12 by 18-in. Oregon fir in octagonal or inverted arch 
sets largely overcame the difficulties presented by these strong minor 
faults. The wet clay gouge and the moist kaolinized walls of the faults 
were little stronger than a stiff mud and acted like a viscous fluid under 
the rock pressures existing in the tunnel. 

Although the section west of the Ranch Creek fault differs little in 
general character from the schist bodies encountered in mines of the 
Georgetown or Central City quadrangles to the east, the Ranch Creek 
fault zone would probably be matched in very few, if any, of the under- 
ground workings in this part of the state. It is impressively bad. For a 
distance of nearly 1000 ft., the full width of the fault zone, the tuimel at 
no place is out of soft swelling groimd. The roof, walls and floor close in 
steadily at rates varying to a maximum of 3 in. a day. Timbers of Oregon 
fir 12 by 18 in. are cracked and splintered before the steady advance of 
the swelling ground. On an average, the standard sets of native timber 
lasted less than three days. The heavy inverted arch and octagonal sets 
lasted from two to three weeks when first put in but at the present time 
are being replaced only once in two to four months. 
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The walls are deceptive in appearance throughout this belt of swelling 
ground. In the western part of it the schistosity is fairly consistent for 
hundreds of feet, and gouge seams, though verj- numerous, are generally 
narrow. Yet it is almost impossible to find a piece of rock 1 cm. across 
that does not show slickensides when broken. On the eastern side of the 
fault zone the walls are equally deceptive, very few gouge seams are pres- 
ent and the rock seems to be a bleached but homogeneous granite. It is 
quite surprising to observe material of this appearance slowly closing up 
the tunnel without apparently developing any cracks or shear planes. 
In fact, the behavior of the ground impresses experienced hard-rock 
miners as so uncanny that they will seldom work in this part of the tunnel 
for more than a few days. 

Samples of this heavy ground present a surprising picture when 
studied under the microscope. The granite and quartz monzonite grade 
from fresh unbroken rock into a slightly broken mass cemented by micro- 
scopic veinlets of quartz and a potash-bearing clay mineral related to 
montmorillonite. This broken rock becomes progressively more shat- 
tered as the fault zone is approached and close to the worst ground the 
material that resembles bleached granite really consists of a minutely 
brecciated mass of quartz and feldspar poorly cemented with chalcedonic 
quartz, and the potash-bearing clay. 

Cattse of Heavy Ground 

In considering the problem of the swelling ground, an effort was made 
to test all the possibilities that could possibly account for the behavior of 
the rock. The possibilities are relatively few and can be considered in 
two groups: the chemical causes and the physical causes. Swelling 
ground is often ascribed to the indefinite process called “air slacking.’’ 
The chemically active substances found in the air are oxygen, carbon 
dioxide and water. No sulfides were found in the swelling ground and 
none of the minerals observed can take up oxygen from the air. The 
carbonates in the shattered rock are not appreciable and no test for 
carbon dioxide can be obtained in rock that had been exposed to the air 
for several months. 

The moisture content of the rock varies with the humidity of the air. 
About 2.35 per cent, of moisture can he driven out of fresh rock at 110° C. 
After a short time in an atmosphere of low humidity — about 12 per cent. — 
the moisture decreased to 0.97 per cent. Material dried at 100° did not 
swell perceptibly when moistened. Only rough measurements have 
been made at present but it can be stated defimitely that any increase in 
volume due to absorption of water is less than one part in one thousand. 

Pulverized material was placed in a cylinder and compressed by a load 
of 25,000 lb. per sq. in. A certain amount of elasticity was indicated 
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when the load was removed from the dry powder, w'hich expanded about 
1.5 per cent. This material absorbed about 2.5 per cent, moisture with- 
out any change in volume. However, the addition of moisture greatly 
changed the compressibility and elasticity of the rock powder. When 
this moist material was loaded it yielded readily and its volume under 
25,000 lb. per sq. in. was only 87 per cent, of its volume when dry under 
the same pressure. When the load was removed, no elastic recovery 
could be observed. It seems very probable that its decrease in volume 
reflects the lubricative qualities of the moist clay flakes, which greatly 
decrease the friction between the angular fragments in the brccciated 
mass and aUow them to slip easily past one another into the position of 
closest packing. 

Thus none of the possible chemical causes of swelliag ground, oxida- 
tino, carbonation or hydration — seems adequate to explain the effects 
observed. The swelling, therefore, must be due chiefly to physical 
causes. The weight of the rock above the tunnel near Ranch Creek is 
approximately 1200 lb. per sq. in. The experiment last cited indicates 
ti^t even under much greater loads, the heavy ground does not suffer 
appreciable elastic compression. This makes it wholly improbable that 
the tunnel relieved elastic compression and that the swelling ground 
represents elastic expansion. 

Two striking differences exist between the swelling ground and the 
good ground. The strong rock is relatively solid and is not appreciably 
altered. On the other hand, the swelling ground is thoroughly shattered 
and has the potash-bearing montmorillonite clay strongly developed 
throughout. In these differences must lie the cause of swelling. 

The clay mineral in the bad ground was isolated from the granite and 
the pure mineral was studied. Its analysis is given in Table 1 and its 
behavior under var3dng conditions of humidity is shown. Its analysis, 
optical properties, and X-ray diffraction pattern^ show that it is the clay 
mineral described by Ross as a potash-bearing montmorillonite.® The 
large amount of moisture taken up under ideal conditions readily explains 
the variation of moisture with humidity previously noted in the granite. 
The clay has the hardness of a sun-dried brick in an atmosphere whose 
humidity is about 12 per cent., but if this same clay is moistened it 
becomes a soft, highly plastic, slippery mass, devoid of strength. When 
a mineral having characteristics such as these becomes an important 
constituent of a rock, it is a foregone conclusion that the rock will be 
weak and unsound. When the moist clay forms an important part of a 

* Dr. Paul F. Kerr of Columbia TJuiversity photographed the X-ray diffraction 
pattern of the clay mineral and finds that it is identical with a high-potash montmoril- 
lonite from High Bridge, Ky. 

• C. S. Boss and E. V. Shannon: The Minerals of Bentonite and Related Clays 
and Their Physical Properties. JriL. Am. Ceramic Soc. (1926) 9, 92. 
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thoroughly shattered rock the resulting mass will be incapable of with- 
standing even moderate stresses. It is believed that the moist flakes of 
clay act as a lubricant along the innumerable free surfaces in the brecci- 
ated rock of the fault zone, and allow it to move as a highly viscous mass 
under the rock pressures which obtain in the tunnel. Swelling ground 
thus expresses the summing up or integration of minute slippages between 
extremely small fragments in the shattered granite or schist. 


Table 1, — Potash-hearing Montmorillonite from Shattered Granite of 
Ra7ich Creek Fault Zone, Moffat TunneP 


Chemical Analysis 


Humidity^ 

Relative Weight 

Mineral 

Per Cent. 

Per Cent. 

of Clay 

SiO. 

58.27 

0.00 

■Mi 

AloO 3 

20.30 

11.7 


Fe-O, 

3.00 

21.7 


FeO 

0.23 

41.3 


MgO ' 

1 

64.7 


CaO : 

1 0.82 

80.5 


Na20 

1.91 

94.0 


K 20 

4.96 

98.5 


H 2 O - 110° 

3.85 

100 


H 2 O + 110° 

Total 

5.04 

100.17 

ignited clay 

IH 


Index of refraction of material analysed, at room temperature a = 1.525, 
T =1.545, Y - ot =0.20. 

1 Chemical analyses by J. G. Fairchild, XJ. S. Geological Survey. Determinations 
of moisture in relation to humidity, by P. G. Nutting, U. S. Geological Survey. 

In the fault zone the rock pressure is transmitted through material 
capable of 3delding as a viscous mass and is therefore essentially all sided 
or hydrostatic in its nature, causing a uniform inward movement of the 
bad ground from top, bottom, and sides of the tunnel. As the material 
dries out the internal friction would become greater and the rate of move- 
ment should tend to lessen. However, this factor may be relatively 
unimportant and if the tunnels were kept open by continued shaving of 
the walls the swelling should decrease slowly even though the rock 
remained moist. A highly viscous mass does not transmit pressure 
rapidly and in the same way any changes in rock pressure would be 
adjusted slowly in the zone of swelling ground. Thus the removal of a 
certain amount of material at once relieves the pressures in adjacent rock; 
material a short distance away is under less stress than before but distant 
rocks are not affected at all. The stress gradient in all parts of the rock 
mass will slowly readjust itself to the new conditions. The adjustment 
will be rapid near the tunnel but probably quite slow at distances of 
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1000 ft. As lime goes on, the rock pressures a short distance from the 
opening n-ill become less and less important and this change will bo 
reflected in a slower movement of the bad ground. Thus the expedient 
of maintaining an opening through the swelling ground would gradually 
reduce the swelling of the heavy ground to unimportant amounts. 

Relation of Subsurface to Surface Geology 

One of the objects of the geological studj" of the Moffat tunnel was to 
determine the manner in which the subsurface geology was reflected at 
the surface. Unfortunately, there was so much snow on the surface last 
November that a detailed study could not be made. It is hoped that 
such a study may be made next summer. However, from the small 
amount of surface work that was done last fall, two things are fairly 
certain. First, the Ranch Creek fault is not conspicuous on the surface 
and it is quite possible that it and the altered granite to the east of it 
cannot be detected in the glaciated valley where it reaches the surface. 
The change from schist to granite, therefore, could be reasonably — 
though mistakenh' — interpreted as an intrusive contact. Second, the 
soft schist which' gave the engineers so much trouble west of the Ranch 
Creek fault is weU exposed by cuts along the railroad. In some of these 
cuts heaYT gouge seams are conspicuous. Outcrops of schist are rare 
along the line of the tunnel west of Ranch Creek but pegmatite exposures 
are more common. Thus the field facts show (1) that schist is the chief 
rock west of Ranch Creek, (2) that faults and gouge seams are common 
in the schist, (3) that the schist is not resistant to weathering and would 
probably be relatively weak. Knowledge of mining in the near-by schist 
areas would prepare an engineer in possession of these facts for the 
conditions actually encountered underground west of the Ranch Creek 
fault. 


Summary 

The chief facts brought out by the geological study of the Moffat 
tunnel are as follows; 

1. A fault zone 1000 ft. wide striking a little east of north exists about 
2 miles east of the west portal. 

2. The chief rocks east of the fault zone are granite, quartz monzonite 
and injection gneiss, whereas schist is the most important rock found on 
the western side of the fault. 

3. The formations on both sides of the fault show distinct anti- 
clinal structures. 

4. The schist was relatively weak and required much timbering but 
the injection gneiss, granite and quartz monzonite required practically 
no timbering. 
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5. The swelling ground in the wide fault zone was not caused by 
air slacking. 

6. The swelling was caused by rock pressures on a thoroughly shat- 
tered rockj and movement of small fragments on innumerable surfaces 
lubricated by a wot clay mineral accounts for the swelling of the rock. 

7. The clay mineral that is largely responsible for the swelling is a 
potash-bearing montmorillonite. 

8. The swelling should become less as time goes on if the tunnels are 
kept open by shaving the walls. 

9. The heaiy fault zone is not conspicuous at the surface. 

10. The character of the soft schist, which required much timbering, 
can be inferred from an examination of the surface. 

DISCUSSION 

Member. — Were there any mineralized areas anj-where in the tunnel? 

T. S. Loverixg. — Some in the strong schist; these were sporadic and rather local 
and seemed not to affect the strength of the rock that the tunnel went through. 
There were some copper seams on many of the fissures that occurred in the eastern 
part of the tunnel, within the first 2000 ft. Some copper stain was found locally in 
the heavj’ ground of the Ranch Creek fault zone. 

E. L. Wilson, Cambridge, Mass. — Do you believe that montmorillonite was 
developed by dynamic metamorphorism or that it was due to ground water in fairly 
recent times? 

T. S. Loitering. — I think there is no doubt that montmorillonite was developed 
by cold w’aters going through shattered rock. It occurs chiefly in small flakes replac- 
ing the feldspar, and along these veinlets which cross through the shattered rock. It 
is part of the cement or groundmass which was evidently formed later than the 
shattering of the rock. 

D. White, Washington, D. C. — IMiat is inferred as to the fault zone? 

T. S. Lovering. — The fault zone is rather steep dipping and I believe that the 
eastern side has dropped dowm. More than that I can hardly say. My chief reason 
for believing that the eastern side has dropped down is that the schist is younger than 
the injection gneiss. 

D. White. — You mention horizontal stress in the movement in the big tunnel 
from south to north. 

T, S. Loverinq. — That was in the tunnel itself. There were movements reflected 
in the water tunnel or in the railroad tunnel, according to which failed first. It was 
simply a viscous mass; if it was relieved in one place, everything moved that way. 

W. Lindgren, Cambridge, Mass. — What preliminary work was undertaken? 

T. S. Lovering. — The state geologist examined the region and made a report on it 
and there were some engineers there, also, I believe. Mr. Finch probably knows 
more about the detailed work done about that time than I do. He was connected with 
the Moffat Tunnel Commission, if I am not mistaken. There was a preliminary 
report, which was all right up to the Ranch Creek fault. I have seen only the cross- 
section, but from the Ranch Creek fault zone to the western portals, it was wrong. 
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The repoi*t had the gneiss dipping toward the west; as a matter of fact, the rock is 
schist, dipping toward the east. Except in this region of bad ground, the cross- 
section is excellent. 

Membss.— W as there a geologist on the ground while the tunnel was in progress, 
to keep the information up to date? 

T. S. Lovebin’G. — There was no geologist on the ground ; and it was rather a surprise, 
to me at least, that practically all the work was conducted by civil engineers instead 
of mining engineers/ I think some of the trouble w'ould have been anticipated if 
there had been men who were a little more familiar with underground conditions in 
similar rocks near by. 

J. W. Finch, Denver, Colo. — It is true that I was connected with the first com- 
mission that was created to study the conditions along the proposed route of the 
IMoffat Tunnel. 1 was not a member of the commission, but of the Engineering 
Advisory Board. 

The Engineering Board was given the duty of estimating costs. We stated to the 
Tunnel Commission that the estimate of costs must necessarily be based upon geology. 
We would take no responsibility for that. 

The state geologist went over the ground. He was requested particularly to look 
for fault zones, and as Mr. Lovering has indicated, the big faults made the trouble. 
He reported that there was schist at the west end, but that it might not be trouble- 
some; the other rocks looked firm and strong. In defense of the state geologist's 
report, we must say that the tunnel plan was developed at a time when public enthu- 
siasm was necessary. The tunnel is a public enterprise financed by taxation. Things 
were being done with a great rush, and he was induced to make a hasty examination. 
At any rate, the Engineering Board was given data upon which it was considered safe 
to estimate a moderate amount of timbering and our estimate of total cost was, I 
believe, $7,500,000. 

We were -wrong, we admit, in the first estimate, and we admit that there were 
other things wrong, particularly in the lack of intensive geological study. 

D. White. — Were any temperature curves drawn? 

T. S. Lovering. — No. 

H. C. Boydell, Toronto, Ont. — Dr. Lovering mentioned that the rock pressure 
in the swelling ground was actually measured to be about 1200 lb. per sq. in. How 
did that compare with the calculations? 

T. S. Lovering. — I did not make that clear I am afraid. My calculation of 1200 
lb. per sq. in. is based on the distance to the surface and density of the rock assumed 
as about 2.6. The actual pressure necessary to cause timbox failure there runs only 
about 250 lb. per sq. in., and no measurements were made excepting when the sets 
were changed. When the timber gave, they put in a stronger set, and when that 
failed, a still stronger set; from that they went to steel, then to concrete, then reinforced 
concrete, and then quick-set cement. That was the only measure. I meant that 
the maximum pressure due to the weight of the rocks would be 1200 lb. per square 
inch. 



Landslide and Flood at Gros Ventre, Wyoming* 

By William C, AldeXjJ Washixgtox, D. C. 

(New York Meeting, Februarj’, 192S) 

A GREAT landslide occurred on June 23, 1925, in the valley of Gros 
Ventre River, about 35 miles south of Yellowstone National Park (Fig. 1). 
The relations of the north-easterly dipping rock formations of the slide 
scarp and of the dam formed by the slide are shown in the diagrammatic 
cross-section of the valley (Fig. 2). This generalized section is based on 
unpublished maps and notes by Eliot Blaekw'elder, in the files of the 
U. S. Geological Surv'ey. 



Fig. 1. — Map showing scarp and dam (large dots) and lake (cross-lined) 

FORMED BT LANDSLIDE BLOCKING GrOS VeNTRB RivBE. 

(Scale in. = 1 mile; contour interval 100 ft. From Grand Teton and Mt. Leidy 
topographic maps). 

Heavy rains and melting snow in- the Gros Ventre Mountains had 
saturated clay layers in the Carboniferous strata, which dip toward the 
valley at angles of 18° to 21°, consequently an enormous mass of rock at 
the end of the north spur of Sheep Mountain became loosened and, on the 
afternoon of June 23, slid suddenly down into the valley. Within a few 
minutes this mass of debris — estimated as 50,000,000 cu. yd. — carrying 

* Published by permission of the Director, U. S. Geological Survey, 
t U. S. Geological Survey. 
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on its surface a dense pine forest, rushed across the valley, piled up about 
360 ft. high against the cliffs of red sandstone on the north and partly 
slumped back and spread so as to form a dam 225 to 250 ft. high above the 
lower toe of the dump. The path of the slide and the resulting dam are 
shown in Figs. 1 and 2. The river, which was in flood, was completely 
blocked and rapidly filled the basin behind the dam, so that within 18 hr. 
a ranch house standing 60 ft. above the river was floated off its foundation 
and in about three weeks the lake (shown by the cross-lined area in Fig. 1) 
reached a depth of about 200 ft. at the back of the dam, an average width 
of about 34 mile, a length of about 3 miles, and an estimated area of about 
11,000 acres. Fig. 3 is a distant view looking up Gros Ventre valley 



Fig. 3. — Distant view or scaup of landslide on nobth spue of Sheep Mountain. 
Slide dam and lake not in this view. 


to the slide scarp. The dark cross line is of trees on top of a great mass 
which lodged several hundred feet below the top of the scarp. The slide 
dam and the lake are not seen.in this view. 

Fig. 4 shows the scarp and the path of the slide as seen from the oppo- 
site, or north, side of the valley in September, 1925. The head of the 
scarp is about 1)4 mile south of the river channel and about 2100 ft. 
above it. Below the top is the line of trees standing on a mass which slid 
down a few hundred feet and lodged there. At the left, about 1000 ft. 
above the lake, is a lateral offshoot of the slide which was projected into 
the dense timber. At the lower right side of the view, is the upper part of 
an enormous cracked and broken mass, with forest trees tilted belter 
skelter, which started to move but lodged. If the river continues cutting 
at the foot of this mass, renewed sliding may result. 

Soon after the slide, water began seeping through the dam. This took 
care of the inflow, which decreased as the summer came on. On Aug. 18, 
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Fig. 4. — View up slide scarp prom north side op Gros Ventre valley. 
Head 2000 ft. above lake. Line of trees on a mass lodged several hundred 

FEET BELOW TOP; OFFSHOOT OF SLIDE IN WOODS AT LEFT. EnORMOUS BROKEN BUT 
LODGED MASS AT LOWER RIGHT. 

Fig. 5. — ^View at outer front on the slide dam in Atra, 1925, showing 

SEEPAGE ESTIMATED AS 500 SECOND FEET. NOTE ABUNDANCE OP LARGE BLOCKS 
OP SANDSTONE AND LIMESTONE. {Fhoto by Depue Falck.) 



WILLIAAE C. ALDEX 


351 



Fig. 6. — ^View north down path op the landslide prom head of scarp. 
Lake, dark, at right of dam. In bight background, above cliffs op red sand- 
stone, IS high level bench on which is Pre-Wisconsin glacial drift. 

Fig. 7. — Head op landslide scarp. Line op trees in middle is on a great 

MASS WHICH SLID DOWN ABOUT 300 FT. AND LODGED. 



352 LAKDSLI3E AXD ELOOD AT GBOS VENTRE, WYOMING 

1925, Depue Faick, of the U. S. Geological Survey, estimated the seepage 
as 500 sec.-ft. On account of this seepage the lake did not overtop the 
dam, and when I visited it about a month later the lake level had fallen 
about 9 ft. below the high-water mark. Fig. 5 shows an abundance 
of large blocks of sandstone and limestone (5 to 15 ft. in diameter) at the 
outer face of the dam. 

There was considerable speculation by engineers and others as to 
what would occur when the snow melted in the spring of 1926. It 
happened that there was a light snowfall in the Gros Ventre Mountains 
in the winter of 1925-26, so no spring flood occurred, and conditions 
remained practically unchanged. In September, 1926, I crossed the 
dam just above the point of vigorous outflow shown in Fig. 5 and examined 
the crest of the dam from end to end. G. E. Manger, my assistant, and 
I climbed the mountain slope along the east margin of the scarp (the left 
margin shown in Fig. 4) to its head, which my barometer indicated to be 
about 2100 ft. above the bed of the stream below the dam — that is, nearly 
four times as high as the Washington Monument. From the head, the 
view shown in Fig. 6 was taken looking down the path of the slide to the 
top of the dam and foot of the lake and to the red sandstone cliffs (Trias- 
sic) and higher hills of Jurassic, Cretaceous, and Eocene strata in the back. 
This shows the new auto road which has been graded across the north end 
of the dam and the old road below it which w’as buried under hundreds of 
feet of rock debris by the slide. 

The place where the break eventually occurred is about opposite the 
lowest point of the lake shore. Although there was such a mass of big 
blocks of rock on the outer front of the dam back of this belt of rocks, 
the.top of this part of the dam appeared to be composed very largely of 
fine, loose, easily erodable material, greenish-white clay, reddish clay, 
and sand with fewer large stones. There was a narrow sag in the crest 
of the dam and the high-water mark showed that the lake had extended 
into this sag, but I saw no evidence at that time (September, 1926) that 
there had been any erosion of a channel or that water had gone over the 
top of the dam. I was told, however, that some water had gone over the 
dam, but I hardly understand how it could have done so without cutting 
a channel through the loose fine material. 

On the steep slope adjacent to the upper hmf of the slide scarp we 
found old breaks indicating that at some time great masses of rock had 
started to slide, but lodged. Ranchers said, however, that no other 
slides are known to have occurred in this part of the valley since it was 
settled. There have been numerous slides farther up the valley. One of 
these was described by Blackwelder.^ 


‘ E. Blackwelder: The Gros Ventre Slide an Active Earth Plow. BvXL. Geol. Soc. 
Amer. (1912) 23, 487. 
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Fig* 7 shows the head of the scarp* Several hundred feet below the 
top is a mass which started to slide, but lodged with the trees standing 
upon it. The declivity at the head of the scarp is 30*^ to 45®". Farther 
down it is about the same as the dip of the strata; i. e., 15° to 21°. A line 
of sight from the top of the scarp to the lowest point of the lake dips 17° 
and to the farthest high point of the dam is 13°. Limestone and sand- 
stone are exposed in the scarp, also reddish and whitish clays such as 
were noted in the dam. Saturation of such clayey layers by water was 
doubtless the cause of the big slide. 

The Flood op May, 1927 

The prediction of some engineers, and the fact that there was no break 
in the dam for nearly two years after the slide occurred, had given rise to 
a feeling of security and a rather general belief that the dam would hold. 
In the winter of 1926-27 heavy snows fell in the Gros Ventre Mountains 
and a period of rapid melting, together with rain, in ^lay, 1927, caused a 
rapid rise of the lake, which, on the morning of May 18, overtopped the 
lowest part of the dam and caused a disastrous flood. In July, 1927, in 
company with my assistant, Edward F. Richards, I revisited the place to 
see the effects of the flood and the condition of the dam and lake. From 
the forest ranger, C. E. Dibble, and other residents of the village of Kellj^, 
I obtained information as to what occurred. 

We found that the outflow had cut a channel (Fig. 8) nearly 100 yd. 
wide and about 100 ft. deep beneath the crest of the dam near its down- 
stream face. The channel had a rather steep gradient and the head of 
the outlet was considerably back of the highest part of the dam, where 
a shallow, but a swift stream was flowing over the rocky debris. Mea- 
surement with a hand level showed the lake surface to be about 60 ft. 
below the high-water mark, so that there was yet probably a maximum 
depth of nearly 150 ft. of water in the lake. 

In 1925, Herman Stabler, of the Geological Survey, estimated that, 
with the basin fiUed to the point of overflow, there would be 164,000 
acre-feet impounded and that the cutting of a channel only 25 ft. deep 
would release about a quarter of this great amount of water, or 48,000 
acre-feet. It was then predicted that sudden release of such a flood 
could scarcely result otherwise than disastrously. The dam did not fail 
as a whole, but the lake was lowered more than 50 ft. in a very short time, 
and disaster resulted. 

The river had been slowly rising during the morning of May 18 at 
the village of Kelly, about 4 miles below the dam, and efforts were being 
made to prevent the highway bridge from being washed out. The stream 
had not overflowed its 10 to 15-ft. banks there up to 10 a. m. The appear- 
ance of some ranch utensils in the stream, however, warned Mr. Dibble 
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Fig. S. — View showing outlet cut through landslide dam by flood, May, 
1927. Low terrace in outlet. Lake lowered about 60 ft. below high-water 

MARK SHOWN BY LIGHT STREAK ABOVE SOUTH SHORE. 

Fig. 9. — Site of village of Kelly, Wto., which was destroyed by flood. 
Back op automobiles, which are on the main street, is mouth of gorge of Gros 
Ventre River (shown by arrow). 
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Fig. 10. — View showing rocks 5 to 20 ft. in diameter, swept out of cut 

THROUGH LANDSLIDE DAM (miDDLB) BY FLOOD. 

Fig. 11. — View op south side of new channel cut through the landslide 

DAM BY THE FLOOD. ThE TERRACE WAS PROBABLY BOTTOM OP CUT MADE BY BIG BUSH 

OF WATER. Total height about 100 feet. 
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that something was wrong at the dam. Rushing over the hills in his 
automobile, on the road leading up the valley, he witnessed the destruc- 
tion of the buildings at Woodward’s ranch about a mile below the dam 
and out of sight of it. He then sped back to the village and messages were 
sent down Gros Ventre and Snake River valleys to warn the inhabitants 
of the approaching flood. It is reported that about 11 a. m. there sud- 
denly came from the mouth of the gorge above Kelly a great rush of 
water described as a wave 15 ft. or more in height, which caught some of 
the villagers as they were trjdng to save some of their effects. 
All the buildings were swept away with the rush excepting the school- 
house and a small church and near-by cottage on a little higher level 
at the north edge of the village. 

Fig. 9 shows the broad gravelly flat on which the village of Kelly 
stood at the east side of Jackson Hole. The automobiles are on the main 
street which led through the village. Most of the buildings were a little 
to the right of this view. Back of the automobiles is the mouth of the 
gorge from which Gros Ventre River flows from the mountains into 
Jackson Hole. 

In 1925, Kelly had a population of 60 or 70 people, of whom a few were 
drowned. Besides the destruction of the buildings and their contents in 
this village, sev^eral ranches on Gros Ventre and on Snake River were 
more or less damaged. Six or seven persons were drowned, some had 
very narrow escapes, bridges were washed out and effects of the flood 
were felt as far down Snake River as Idaho Falls, Idaho. It appears that 
there was time after the warning was given for all persons to have escaped 
with their lives if they had not stopped to save any of their effects. As is 
usually the case, however, some apparently did not appreciate the 
necessity for such haste. It is reported that water began to flow over the 
dam in three places on the afternoon before, but it does not appear that 
any definite watch was maintained at the dam even after flood conditions 
began to develop. 

That which is of most interest to geologists and engineers is what 
actually happened at the dam. Fig. 10 shows, in the middle ground, the 
cut through the dam and in the foreground the great blocks of sandstone 
and limestone which it had been thought by some would retard the outflow 
in case of an actual break. They now lie on a low terrace over which 
the flood rushed as it swung against the north side of the gorge below the 
dam. Some of these blocks are 15 to 20 ft. in diameter. They are some- 
what scratched and their edges are bruised. I do not know just how 
far down the valley such blocks were carried by the flood. The terrace 
on which these rocks lie corresponds to the remnant of a terrace in the 
cut through the dam. 

Fig. 11 is a view of the south wall of the channel. The terrace, which 
is 15 or 20 ft. above the stream in this view, was probably the bottom of 
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the channel at the time the great rush of water passed through. F rom 
this the main current swung to the north side of the valley, dumping the 
big rocks on the inner side of the bend, and cutting into the base of the 
cliffs. The narrowed but still vigorous stream flow after the big rush 
probably cut the inner channel below the terrace. The loose and hetero- 
geneous character of the material composing the dam is also shown in 
this view. This bluff is about 100 ft. in height and it is composed of a 
mixture of loose sliding sand, crushed rock, and large and small angular 
fragments of limestone and sandstone. Evidently such a jumble of 
loose porous material as composes the upper part of the dump would not 
form a permanent dam capable of withstanding overflow without con- 
trolling gates and adequate spillways. No trees or logs were seen buried 
in the rock debris. Evidently the forest trees rode down on top of the 
shde and were not mixed into the debris very much by rolling over. They 
form an almost impassable tangle of criss-crossed trees, some of them still 
alive, on top of the dam. 

Apparently no person saw just what actually took place at the dam, 
but the composition of the upper part of the dam, as shown in this view, 
may explain why the main flood came so suddenly and with such great 
volume. Probably seepage increased rapidly as the lake rose and this 
tended to undermine at the same time as overflow at the lowest point 
cut the initial channel. There was an enormous quantity of water in the 
upper 50 ft. of the impounded body. Rapid deepening of the trench 
across the crest must have caused rapid slumping at the sides and the 
loose material must have at once been swept out of the way, opening a 
broad outlet toward which the enormous body of water started moving 
with rapidly increasing velocity. Repeated slumpings of the sides may 
have caused the reported succession of wavehke crests of the flood. 
Driftwood was found 10 to 14 ft. above the ground in trees on the flat 
below Kelly, so that there was a considerable depth of water, though it is 
said to have spread out to a maximum width of about % mile within a 
mile below the mouth of the gorge. From an instrumental survey made 
by L. C. Bishop, it has been estimated that there was in the upper 50 
ft. of the lake body nearly 43,000 acre-feet of water, and apparently all 
of this went out. By 4 p. m. the flood has passed Kelly and the stream 
had receded within its banks. 

So great is the width of the dam iiaile or more from front to back 
below the high-water level that after trenching the first 50 ft. the amount 
of material to be moved was enormously greater and the rate of deepening 
became very much slower. With the lowering of the lake level the sill 
of the outlet thus moved gradually back while the channel below the 
crest of the dam was further deepened another 40 ft. The lake was 
lowered only about 60 ft. before the rate of cutting became so slow as to 
end the flood. 
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Compieted melting of the snow and cessation of rainfall also soon 
reduced the inflow so that on July 5, 1927, the lake had lowered only about 
2 ft. farther below a fairly definite water mark. I have no information as 
to conditions since that date. Probably the lake slowly lowered through 
the summer of 1927 and through the past winter as the outlet chan- 
nel deepened. 

There was still an enormous amount of tvater impounded in July, 
1927, for the lake extended 3 or 4 miles up the valley, nearly as far as 
before. It probably yet had a maximum depth of 100 ft. or more after 
the flood, for the tops of tall trees were emerging only near the borders 
of the lake. 

What will happen in ease there is another period of rapid melting of 
heavy snows in the mountains, together with much rainfall? Of course, 
one can not say definitely, but certainly the danger of such a flood as 
that of ilay, 1927, is greatly reduced. The outlet now provided may be 
deepened and broadened somewhat, but I see no reason to expect any- 
thing more than a normal high-water stage in the river below the dam. 
It may be that further deepening of the outlet may start renewed sliding 
on the south side of the valley. If this does not occur suddenly, it may 
simply retard the outflow by gradually encroaching on the stream, as 
has occurred in the case of an older slide about 16 miles farther up the 
valley. It would not, however, seem advisable to rebuild the village of 
KeUy on the same site on the low fiat terrace directly below the mouth of 
the gorge. 


Glacial and Interglacial Featitees 

My brief examinations of this part of the Gros Ventre valley have 
yielded some unexpected evidence bearing on the history of this region 
during Pleistocene time, the Great Ice Age. Among the blocks of rock 
on the dam one well-striated block of sandstone was found. I was at 
first inclined to refer the scratches to scoring during the slide. Since 
this part of the valley has been found to have been glaciated, I think these 
are in reality glacial striae. About 1000 ft. up the slope on the south a 
beautifully striated block of rock was found in which the scratches 
seem certainly glacial striae. 

In the right background of Pig. 6 is a dissected bench or terrace about 
1000 ft. above the river channel (Fig. 2, X-Y). This high bench is 
partly underlaid by Eocene deposits. From the relations here and those 
noted farther up the valley by Blackwelder, I am inclined to think this 
bench represents the bottom of the valley eroded in Pliocene time. On 
this bench, there is glacial till, with striated pebbles, probably of early 
Pleistocene age. With this drift are perhaps to be correlated striated 
pebbles found on some of the buttes to the southwest in Jackson Hole. 
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Following an early Pleistocene glaciation, the region was evidently 
uplifted and the stream cut down another thousand feet in interglacial 
time. The interglacial vaUey is not now followed all the way to Jackson 
Hole by the present stream. Parts of it lie buried beneath a second 
deposit of glacial drift, -which mantles the ridges crossed by the automo- 
bile road to the west of the landslide dam (Fig. 1). 

When the flood broke through the dam it swung against the foot of 
the steep slope on the north and cut into the cliff below the old automo- 
bile road at the north side of the postglacial river gorge. It there 
exposed the interglacial gorge partly filled with quartzite, cobblestone, 
stream gravel cemented to conglomerate; above it is glacial till with 
abundant striated pebbles and boulders. Eiudently the river had cut 
down nearly or quite as low as its present channel prior to the deposition 
of this second glacial drift. 

1 have been in this valley four times, but not until this section was 
exposed by the flood of 1927 did I reahze that there was here an old buried 
valley. The line of the old valley appears to be followed by the auto- 
mobile road which crosses the partly wooded ridges to reach the flat north 
of Kelly. Rock is exposed in the slopes both to the north and the south 
of this projected course, but, so far as I know, is not exposed in the slopes 
which lie across this course. For a short distance within the first mile 
below the landslide dam the river flows through a postglacial rock gorge, 
then it swings back northwestward into the interglacial valley which it has 
reexcavated at and below Woodward’s ranch. After following the 
reexcavated vaUey for % mile the present stream swings to the left and 
leaves it again to cut, through a spur of Tensleep sandstone and Madison 
limestone, the lower gorge from which it finally emerges just above Kelly 
to enter Jackson Hole. The t-wo rock gorges between the dam and Kelly 
were e-vidently cut and the intervening section of the older valley was 
reexcavated after the second glaciation of the Gros Ventre valley. 

Blackwelder® referred some dissected moraines farther up the Gros 
Ventre vaUey near and beyond Crystal Creek to his second, or "BuU 
Lake” stage of glaciation. Terminal moraines of his last, or “Pinedale” 
(Wisconsin) stage of glaciation are on the valley bottoms somewhat 
farther back. It now appears that there was glaciation at the second 
stage clear out to the west front of the mountains and nearly that far at 
the earliest, or “Buffalo,” stage. Whether or not the whole vaUey was 
occupied by ice at any stage, I can not say. With my assistant, Mr. 
Manger, in 1926, I found e-ridence of a second stage of glaciation at the 
mouth of Flat Creek Canyon, about 5 mUes south of Kelly. Nearly 
5 miles farther up that canyon, on the south side of Sheep Mountain, 
was found the terminal moraine of the last glacial stage. 

2 E. Blackwelder: Post-Cretaceous History of the Mountains of Central Western 
Wyoming. Jnl, of Geol. (1916) 23 , 320. 
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Doubtless oversteepening of the lower slopes by glaciation has had 
much to do with the occurrence of the numerous landslides in the Gros 
Ventre valley. Prime factors, however, are the presence of poorly 
consolidated clay shales in the upturned beds of the stratigraphic section. 
These clays when saturated with water may give way under the pull of 
gravity and either give rise to mud flows or, where covered, precipitate 
their overburden upon the adjacent valley bottoms. 

DISCUSSION 

G. S. Rice, ^Vashington, D. C. — Those who are interested in the question of land- 
slides in connection with mining operations should read a very excellent paper by 
Professor Knox.^ He classifies slides into ^‘break-deformation slides’’ (such as those 
at the Panama Canal) and "gravity slides;” he also refers to mud flows. Professor 
Knox has gone into the question quite thoroughly. He has cited some cases of land- 
slides in various countries, both naturally induced and those produced by artificial 
agencies, such as excavations and waste piles. 

W. C. Alden (written discussion). — On Sept. 22, 1928, I again visited the Gros 
Ventre valley and reexamined the landslide dam. In general, conditions were about 
the same as at the time of my visit in July, 1927. I was informed by John A. Evans, 
road overseer of Teton National Forest, that there was a good deal of snow in the 
mountains in the spring of 1928 and the usual spring flood occurred, but resulted in 
little damage. Repeated freezing retarded melting of the snows and held back some 
of the outflow. I made a measurement which showed the lake to be approximately 
60 ft. below the high-water mark, or about the same as in July, 1927. Whence it 
appears that the outlet has not been deepened appreciably during the intervening 
14 months. 

G. Knox, Treforest, South Wales (written discussion). — I read with great interest 
Mr. Alden ’s excellent paper on the great landslide and flood at Gros Ventre, Wyoming. 
This is an excellent example in confirmation of the theory that water is the chief 
agent in the causation of landslides. In the diagrammatic section (Fig. 2) the Ten- 
sleep sandstone is shown resting on clay beds having a dip of 15° 21' towards the valley. 
This sandstone is no doubt semiporous and well jointed, and receives a good supply of 
water from the gathering ground on Sheep Mountain. With melting snow a very 
large percentage of the water percolates into the strata, which probably produced a 
slow creep of the sandstones over the claj’^ beds. The fissures resulting from this 
creep enable a still greater percentage of the rainfall or melting snow to percolate down 
to the impervious clays. This slow movement would upset the natural drainage of 
the area, resulting in the lubrication of the clay and supersaturation of the sandstone, 
which, combined, produced conditions so unstable that the whole mass of debris sud- 
denly rushed into the valley forming the large dam shown on the photographs. 

The Gros Ventre landslide appears to have been similar in character to the great 
landslide which recently took place on Moimt Arbino in Switzerland, the largest known 
to have occurred in that country famed for landslides. The debris displaced amounted 
to 30,000,000 cu. m., but thanks to the vigilance of the geologists of the Swiss Topo- 
graphical Service the slow creep which usually precedes these great movements was 
noted and warning given to the inhabitants of the villages in the valley of Arbedo. 

« G. Knox: Landslides in South Wales Valleys. Proc. South Wales Inst. Engrs. 
(1927) 43, 161. 
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In this case the first movement vrus noted as far back as ISSS, and during'^the 
following 40 years the total movement was only o ft. 9 in. The sliding debris finally 
rushed down from a height of 4000 ft. over a distance of 5000 ft., forming a dam 900 ft. 
high in the valley below. The holding power of this dam is exercising the minds of 
the Swiss engineers just as that of Gros Ventre did in your country, because should 
this be breached a terrible disaster is likely to result. 

Further movements have recently taken place higher up the valley slope and it is 
expected that eventually it will reach the top of the mountain 6000 ft. high. The 
estimated amount of debris included in the total movement is 200,000,000 cubic meters. 

In South Wales there are continual movements of the mantles on the valley slopes 
and although not so disastrous as the landslides referred to above are a continual 
source of trouble and expense to the community. Most of these valleys have been 
formed by the erosion of the Middle coal measures, which consists of hundreds of feet 
of hard sandstones known as the Pennant Series. Where the valleys are confined to 
this series they are steep and narrow but immediately the Lower coal measures consist- 
ing of alternating beds of sandstone, shale and fireclay — ^with many workable coal 
seams — are reached, the valleys begin to widen rapidly. 

In the Middle Series the eroding action of the rivers is accompanied by slides of 
the “rock-falT' ty’pe, but as soon as the Lower Series is reached the slides become 
composite in character, consisting of the mantles formed by the rock falls of the 
Middle Series together with the rocks resting on the clays. 

The dividing line between the two series is the Xo. 2 Rhondda (Brithdir, Tillery 
or Ynysarwedj coal seam which forms a plane of saturation on the underelay below. 
Dovmhill of this saturation plane all the soil creep or gravity^' slides take place. 
They work backwards (uphill) towards the saturation plane forming a series of steep 
crags in the hard sandstones of the Middle coal measures above the saturation plane. 
This leads to ‘‘break deformation slides in the hard sandstones providing fresh mate- 
rial for a new mantle which in turn slides into the valley. 

In these cases the debris has to slide over the outcropping edges of the strata which 
are nearly horizontal and in this respect differ from the Gros Ventre landslide. 

As the valleys provide the only suitable place for sinking the shafts from which the 
coal has to be worked, they have become densely populated. Apart from the neces- 
sary buildings for domestic and industrial purposes the valleys contain all the neces- 
sary public works such as railways, canals, roads, sewage, gas and water mains, etc., 
so that any movement in the mantle is the cause of considerable trouble. 

The cause of these South Wales landslides has been somewhat obscured owing to 
the fact that large heaps of colliery refuse were deposited on the hillsides during the 
early stages of mining development. Whenever a landslide took place in which one 
of these masses of refuse was included the cause was attributed to the great weight of 
the coUiery rubbish. Failing that it was attributed to mining subsidence, with the 
result that manj’^ colliery companies have had to pay considerable sums for damage 
attributed to mining operations although the real cause was landslide movement. 

The natural dam formed by a landslide such as that described in Mr. Alden’s 
paper is always a source of great danger to the district downhill of it. The debris 
from the “lubricating” clays while more or less mixed up in the rock boulder mess 
forming the dam, will usually contain a more or less definite stratum of clay near the 
base, as landslides move faster at the bottom than at the top of the mass. This will 
act as a sliding plane on which movement may ultimately be expected and the safest 
plan would be to gradually breach the’ dam during the dry season by artificial cuttmgs. 



Geology of the Red Lake and Woman Lake Gold Areas, 
XortliM'estern Ontario* 

E. L. Bruce, t Kingston, Ont. 

(Xcw York Meeting, February, 192S) 

The district of Patricia, in the province of Ontario, lies northwest of 
the Albany River and extends northward to Hudson Bay. Formerly 
this was the unorganized district of Keewatin, the southern part of which 
was divided in 1912 between the provinces of Manitoba and Ontario. 
The interprovincial boundary now runs north from Lake of the Woods for 
275 mUos and thence northeast 375 miles to Hudson Bay. This district is 
comparable in size to all the older part of Ontario south of the Canadian 
Pacific Railway east of Lake Huron — thus it is roughly one-third of the 
whole of the present provincial area. 

The central part of this great triangle is one of the least accessible 
parts of Canada. From it streams flow southward to the English River, 
southeastward to the Albany, northward to Hudson Bay and the Hayes 
Riv’er, and westward to Lake Winnipeg. None of the streams is large 
and canoe travel is not easy. The only industry it has ever had is the 
trade in furs. Until the development of the airplane on a commercial 
basis, the only means of travel was bj' canoe or dog-train. There is not 
a mile of railway in the whole district. 

The two areas to be dealt with lie in the southwestern part of Patricia. 
Red Lake is 50 miles east of the Manitoba boundary and 75 miles north of 
the transcontinental railwaj’- from Cochrane to Winnipeg. Woman Lake 
is 50 miles farther east and slightly farther north. 

The late Dr. D. B. Dowling, of the Geological Survey of Canada, 
visited Red Lake and spent some time there during his exploration survey 
from Lac Seul to Berens River in 1893. He also visited the Woman Lake 
basin during the same journey, but his examination of it was much less 
detailed, the great area covered by him during the one field season making 
it impossible to make more than a hurried reconnaissance. Some 
prospecting in the Red Lake district followed Dowling’s exploration, but 
the distance from railway was too great for any systematic work to 
be done. 

In 1922, following the usual plan, the Ontario Department of Mines 
made a geological recoimaissance of the English River, following an 
instrumental survey of that river and its lakes by the Department of 
Lands. A side trip was taken to examine the rocks of Red Lake described 

* Published by permission of the Department of Minos, Ontario, 
j" Queen’s University. 
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by Dowling and the geological succession was found to be so lu-omising 
that the following year the examination of the rocks of the Eed Lake 
basin was continued. 

One prospecting part 3 - idsited the lake in 1922, and report.? of the-finds 
caused a small rush to the district in 1923, but nothing of importance was 
discovered and interest Iap.sed until the publication of the report of 1923 
with a geological map of the basin. The geological succession, together 
with the presence of some small gold veins that had been found seemed of 
sufficient promise to induce the Howey brothers to make a prospecting 
trip in 1925. This resulted in the location of the veins south of Red 
Lake, which caused the enormous actir-ity of the winter of 1925-26. 
During 1926, the interest spread to the areas to the northeast, including 



Fig. 1. — M.i.p op western Oxt.vrio. 

Rectangle No. 1 — Rod Lake area. 
Rectangle No. 2 — tV'omau Lake area. 


Woman, Narrow and Clear Water Lakes; and, during 1927, active pros- 
pecting and development work continued in both sections of the field. 
Mining operations are now under waj* both at Red Lake and Woman 
Lake (see Fig. 1). 

Topogr-Vphy 

The general topography of the area is that of the great Pre-Cambrian 
shield. The region was evidently reduced to an area of low relief prior 
to the deposition of the Paleozoic sediments and this Pre-Cambrian 
peneplain has merely been reexposed by later erosion, with comparatively 
little later sculpturing. The ma.ximum difference of relief is less than 300 
ft., but where the rocks are not covered by Quaternary lake deposits the 
erratic distribution of the glacial covering leaves a fairly large proportion 
of the consolidated rocks exposed. In the part of the region once 
occupied by the postglacial lakes, the original structure has been, con- 
cealed by clays to a greater or less degree, depending on the relation of the 
particular locality to the shore of the ancient lake. 
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In areas within the lake basin, the rivers have the character of fairly 
mature streams meandering across a great plain, the regularity of which is 
broken only locally by ridges of glacial material that formed islands in the 
postglacial lakes. . A few shallow lakes occur, impounded by these pro- 
jecting glacial ridges, but the clay-mantled region is a country of rivers 
rather than of lakes. North of the old postglacial lakes the structure of 
the consolidated Pre-Cambrian rocks is evident in the pattern of the 
countrv’’. The schistosity of the rocks of the old complex expresses itself 
in linear ridges, and this characteristic is emphasized where intrusive 
rocks have come in along the schistosity or along the bedding of the 
older rocks. Thus there have been conditioned, narrow elongated bodies 
of water such as Narrow Lake, which is controlled by a marked E. W. 
foliation of the Keewatin schists and the northeast-southwest trend of 
Red Lake, which lies parallel to the folds of the sedimentary rocks and 
the intrusive sills of quartz porph3rry. Where the solid rock is granite, 
the lakes have an irregular and equidimensional outline, as is weU shown 
by the smaller lakes northwest of Red Lake. The scooping out of 
weathered material by the continental glaciers prepared basins for many 
lakes. Glacial dams and hollows in the glacial debris have formed others. 
As a result, the whole of this part of the region is covered by a network 
pattern of lakes of all sizes so that the rivers are merely chains of lakes 
connected by short river stretches in which a short rapid or fall over a 
hard rock layer or a ridge of glacial debris accomplishes the descent of 
the river in a series of steps. 

Genebal Regional Geology 

The consolidated rocks of the southern part of the district of Patricia 
are aU of Pre-Cambrian age. They consist of isolated troughs of 
ancient volcanic rocks and sediments, remnants of closely compressed 
synclines remaining as roof pendants in the great granite bath- 
olith, which probably underlies much if not all of the Pre-Cambrian 
shield and which is the surface consolidated rock over much of it. In 
some parts of the region paragneisses are abimdant. These are gametif- 
erous and staurolitic, biotite, quartz rocks that were originally 
arkoses. It is assumed but has not as yet been definitely proved that 
they are the oldest exposed rocks. In the Red Lake and Woman Lake 
districts the gneisses do not occur, and the oldest rocks are lavas, mostly 
basic and now severely altered. In the Red Lake area the lavas are 
overlaid by sediments, correlated tentatively with the Temiskaming. 
These older rocks are intruded by a series of acidic igneous rocks 
which have been correlated with the Algoman and in both areas there 
are dioritic rocks the relation of which to the postvolcanic sediments is 
not known. 
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With the exception of small lamprophyre dikes, no consolidated 
rocks are known later than the Pre-Cambrian acid intrusions, but it is 
possible that, after erosion had reduced the Pre-Cambrian complex to low 
relief, Paleozoic rocks may have been deposited, connecting the Ordo- 
vician, Silurian and Devonian rocks which occur in the James Bay basin 
with similar formations in Manitoba. If so, they have been completely 
removed and the ancient Pre-Cambrian surface exposed. 

The continental glaciers removed from the consolidated rocks what- 
ever weathered material may have accumulated, and during the ice 
retreat, discontinuous and unsorted deposits of glacial debris were left 
behind. At one stage in the retreat, the ice front seems to have stagnated 
along a line running northwest across the east end of Red Lake, and thence 
southeast a few miles south of Woman Lake. The stagnant ice formed 
the northerly shore of a postglacial lake in which clays were laid down 
during a fairly long period. Since the retreat of the ice there has been 
merely the slight erosion of rivers on this old lake plain. 


GE]srEE.\L Geology of Red Lake Basin 

The pre-granite rocks of the Red Lake basin form a trough approxi- 
mately 30 miles in length with a maximum width of 8 to 10 miles. The 
volcanic rocks, which have been called Keewatin, consist chiefly of basic 
types now altered to massive greenstone or to chlorite schists. In some 
locahties, amphibolitic rocks are abundant, possibly as contact types, but 
highly serpentinous and talcose rocks are prominent varieties. As all of 
the rocks are so highly altered, it is unsafe to attempt to give any specific 
names to the original lava types. Both basalts and andesites commonly 
alter to chloritio rocks, which are best classed simply as greenstones. 
Rhyolites are less abundant than are the more basic varieties but they are 
useful in unraveling the structure of parts of the basin. 

The volcanic rocks were intruded by diorites which truncate the flows 
and which tongue out upward into the Keewatin rocks. This is taken to 
be evidence that they were intruded after the folding of the lavas. The 
relation to the sediments is not known but at present they are assumed 
to be older. 

The sedimentary beds correlated with the Temiskaming consist of 
graywackes, arkoses, and slates, with lenses of conglomeratic material. 
They are evidently the product of terrestrial deposition. They lie 
unconformably above the volcanic rocks. 

Economically, the acidic intrusives that have been grouped together 
as Algoman are by far the most important of the Red Lake rocks. This 
intrusive period, if it be one period, began with immense invasions of 
quartz porphyry into the old metamorphios. Where the porphyry 
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intrutleci .^odiiaents,. it (.‘nterocl chiefly acs trills, but in the massive pre- 
sedimentavy rocks it took the form of dikes or bosses. In character the 
porphyry is extremely variable; the phenocrysts may be abundant or may 
be almost lacking; further, they may consist entirely of resorbed quartz 
crj-stals; they may be quartz and orthoclase or plagioclase or they may be 
entirely of plagioclase. Those variations perhaps represent variations 
in composition produced by absorption of masses of intruded rock. 

The porphyry itself has suffered considerable alteration and sericite 
makes up a large part of the groundinass. Carbonates also are abundant. 
The intruded rocks have suffered very severe alteration, especially near 
quartz-porphyry tongues, which plunge beneath the older rock. 
In such places the greenstones have been extensively altered to 
ankeritic material. Calculations show that this probably takes place 
with decrease of volume and fractures develop which are later filled 
with stock works of quartz. The effects upon the sediments seem to 
be much less marked. 

The quartz porphyry was possibly the forerunner of the immense 
intrusions of granite which surround the older rocks, and in two places 
cut up through them as bosses. The larger of these bosses is the elliptical 
mass which occupies the central part of Red Lake. In area it approaches 
the lower limit set by Daly for the application of the term “batholith.” 

The granite, whether of the main mass or of these smaller intrusions, 
is the typical rock consisting of quartz, orthoclase and plagioclase with 
either biotite or hornblende as the chief dark-colored constituent. In 
the main mass the rock is fairly fresh but there are large areas of granitic 
rocks, amphibolites and quartz-biotite gneisses, which lie between the 
main granite batholith and the greenstone or sediments, and appear to 
be border zones produced by the early invasion of the granite magma. 
There was incomplete assimilation of included rock, and the production 
of a heterogeneous hybrid magma, later crystallized as a dark gray to 
light gray porphyritic granite. In other places a rock was produced 
which retained the foliated structure of the intruded rocks, but with a 
composition profoundl}'^ altered by the lit par lit injection of granitic 
material. Later advances of the main magma destroyed parts of these 
zones and sharp contacts are usual between granite and the hybrid rocks. 

Structure op Pre-C-4.mbrl\n Rocks at Red Lake 

The structure of the Pre-Cambrian rocks is as yet imperfectly known, 
and the following summary must be taken as only a general statement 
which will necessarily be altered in detail as more information becomes 
available. The Keewatin rocks, after their consolidation, were thrown 
into close east-west folds which still pitch easterly. These folded rocks 
were intruded by bosses, dikes and sills of diorite. Over these rocks and 
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separated from them by erosion suffieiently deep to expose the dioriteS; 
beds of heterogeneous sediments were deposited. After their consolida- 
tion, they were compressed once more into eastwest folds which now 
plunge westerly. The impression of a westerly plunge on these beds 
must have reduced the steepness of the easterly plunge on folds in the 
Keewatin rocks. An anticline of Temiskaming sediments occupied the 
position of the main axis of Eed Lake and this was flanked on the north 
by a syncline, the axis of w’hich lies across the central part of Slate Bay, 
and on the south by a syncline occupying the southern part of [Mackenzie 
Island. The northern limb of the northern syncline has been removed 
by the granite intrusion and the southern limb of the southern syncline 
by the quartz porphyry and granite intrusions of that area. One remnant 
of sediments south of the lake shows that other synclines once existed in 
that direction. 

General Geology of Woman Lake Area 

The geology of the Woman Lake area differs in some important 
respects from that of the Red Lake basin. The oldest rocks are similar 
to those at Red Lake in being basic volcanic flows with a minor amount of 
rhyolitic rocks with which are interbedded some tuffs. At Woman Lake 
there are large areas underlaid by volcanic agglomerates. 

The lavas are intruded by great masses of basic igneous rock of some- 
what variable type to which the general term '^diorite^^ may be applied. 
In some occurrences, the rocks are holocrystalline and dioritic. In 
others the rock has comparatively little feldspar and becomes an amphib- 
olite. Near the margins the texture is extremely fine and the diorite is 
distinguished with difficulty from the lavas of the previous period. In 
these marginal facies a porphyritic habit is commonly developed and the 
rock becomes a black quartz porphyry. Since there are among the lavas 
certain types in which quartz phenocrysts also occur it is possible to 
distinguish the diorites from the lavas only by determining the relation- 
ship to other rocks. Where the rock becomes schistose it is practically 
identical with the Keewatin chlorite schists. 

The diorites commonly occur in elongated elliptical masses. They are 
resistant and form ridges. Woman Lake owes its north-south elongation 
to the north-south ridge of diorite that forms the divide between Woman 
and Clear Water Lakes. 

Sediments that can be correlated with the Temiskaming rocks of Red 
Lake are present in the immediate vicinity of Woman Lake, Narrow Lake 
and Clear Water Lake, only as a small remnant of jasper conglomerate on 
the west shore of Woman Lake and as a narrow trough of conglomerate 
at Sundown Lake northeast of Clear Water Lake. 

The intrusions that correspond to those grouped as Algoman in the 
Red Lake district are numerous and the variety in lithology is even 
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greater. There is no area of quartz porphyry as large as the masses at 
Red Lake,, but there are a great many dikes of rock of that type. In 
addition there are many small bosses and dikes of quartz-feldspar por- 
phyry and there is evidence of some differences of age even among these 
porphyries. A large band of a granitic porphyry occurs on the islands of 
the western part of Clear Water Lake and strikes inland at the northern 
end of the lake. This rock intrudes the diorite and is believed by Greig^ 
to be earlier than some of the other acidic porphyries. There seems little 
doubt, however, that all of these porphyries were intruded in the early 
part of the Algoman period, and are merely forerunners of the batholithic 
intrusion of granite which was the last important event of Pre-Cambrian 
time in this district. The porphyries represent merely the highly dif- 
ferentiated and abnormal apophyses of the main intrusion. 

The granite is not at all different from the granite of Red Lake and is 
no doubt a part of the same great batholith. It intrudes all of the rocks 
just described and cuts even the porph 3 rries, which are assigned to the 
same magma as is the granite but which had cooled prior to the advance 
of the main intrusive mass. 

A few basic dikes occur. Some of these intrude the granitic rocks. 
They seem to have no bearing on the ore deposits. 

The Gold Deposits op Red Lake 

The claims of the Howey gold mines and the adjacent claims held by 
the McIntyre Mirdng Co. are the only ones at Red Lake on which devel- 
opment has been carried to the stage of proving ore. The holdings of 
both companies lie along a quartz-porphyry dike lying a short distance 
south of the outlet hay of Red Lake. The dike is nearly vertical and 
strikes slightly north of east. The width varies from 100 ft. near the west 
end of the exposed part to 30 ft. farther east. It has now been traced 
for a total distance of 1800 feet. 

The dike itself is a fine-grained rock of a light yellowish-green color 
and a waxy luster. Quartz is visible to the naked eye as rounded glassy 
blebs. The country rock is dark-colored lava. About 1400 ft. north- 
west of the point where the dike crosses from the Howey claims to the 
McIntyre claims to the west is the edge of the boss of granite, and the 
strike of the dike is such that it would be cut off by the granite, approx- 
imately 1600 ft. west of this point (Fig. 2). It has been suggested that 
the dike is not a simple one, but is actually a series of lenses arranged 
in echelon.® If that proves to be the case, offsets to the southward in 
proceeding westward would prolong the possible length in that direction. 

» Ontario Dept, of Mines Kept. (1927) 36, Pt. 3, 100. 

* D. G. H. Wright: The Red Lake Gold Area. Engng. & Min. Jnl. (1926) 122, 15. 
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Not all of the dike is ore, but parts of it have been severely fractured 
and some of the fractures have been occupied by auriferous quartz veins. 
Few of these veins are wider than 1 ft. and they are all lenticular in 
character. The gold is confined almost entirely to the quartz, but in part 
of the dike the veins are so closely spaced that it is believed the whole dike 
can be treated over minable widths. The fractures have e\idently been 
produced by a shearing movement during which the brittle quartz por- 
phyry was fractured and spaces opened up for the introduction of the 
auriferous solutions. Along the veins the porphyry shows some hydro- 
thermal alteration, the original feldspars being changed to sericite and 
carbonate. In places where the quartz veins are closely spaced, the 
quartz porphjTy may be entirely sericitized or carbonated. 



Fig. 2. — Relatiox of Howey veim to granite. 


The quartz veins include in minor quantities the non-metallic minerals 
ankerite, scheelite, tourmaline and feldspar, and the metallic species 
pyrite, galena, chalcopyrite, sphalerite, tetradymite, gold and probably 
gold tellurides. In the porphyry along the quartz veins, pyrite is 
practically the only metallic mineral. 

An examination of the minerals of the Howey orebody show that 
quartz, tourmaline, feldspars, and probably some pyrite were deposited 
in the fissures of the quartz porphyry at a fairly high temperature. 
Whether gold was present in this stage of mineralization is not known but 
it is clear that most of the gold came with a later period of mineralization 
during which fractured quartz and pyrite were impregnated by galena 
and sphalerite. From these facts, it is evident that the important 
mineralization did not come from the quartz-porphyry intrusion, since 
that rock shows some hydrothermal alteration by the early quartz 
deposition. It is clear also that the vein solutions must have come from 
a source high in silica and probably the alkalis. The only formation 
meeting the requirements of an age subsequent to the porphyry, and of 
an acidic composition, is the granite. If it was the parent body from 

VOL. 76 — 24 
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which the ore deposits came, it must hawe been in the later stages, since 
a few small gold-bearing veins have been found in granite. The succes- 
sion of events so far as the orcbodies are concerned may be summarized 
as follows: 

1 . Intrusion of the dikes of quartz porphyry. 

2. Development of fractures in this brittle rock by an east-west 
shear possibly originated by disturbances inaugurated by the gran- 
ite intrusion. 

3. Filling of some of the fractures by quartz veins at high 
temperatures. 

4. Refracturing of these veins and deposition of galena, sphalerite, 
tcllurides and gold from solutions given off in the last stages of the 
cooling of the granite. 

Other properties of some merit have been located in the Red Lake 
basin but none of these has reached a stage of development where gold 
production seems assured. 

Deposits in the Vicinity op Woman Lake 

Gold-bearing veins in the vicinity of Woman Lake (including Clear 
Water Lake to the east and Narrow Lake to the west) are of several 



Fig. 3. — Relation of Jackson-Manion 

VEIN TO GRANITE EXPOSURES. 



Fig. 4. — Relation of Bathurst and 
Donkin veins to granite exposures. 


different types and aU differ from the Howey-Mclntyxe deposit at Red 
Lake. They are similar, however, in that the more important of them 
are in the neighborhood of intrusions of granite (Figs. 3 and 4). At 
Woman and Narrow Lakes, the granite masses have the shape of salients 
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projecting from the main batholitlis into the older rocki^, Init had erosion 
been less profound these might have been bosses similar to thos(^ at Red 
Lake. Gold-bearing veins have been found in the rocks, which are 
older than the Algoman porphyry and granite period; the character 
of the veins differs with the type of rock in which they lie. 

The Jackson-21 anion 2Ii)ie 

The Jackson-Manion claims extend southward from Rowe Lake and 
lie H mile east of Woman Lake. This w’as one of the early discoveries 
of the area and is the first property on which actual mining operations 
have been begun. 

The predominant rock is massive greenstone formed by the alteration 
of lavas of medium basicity. A few dikes of diorite intrude the green- 





Fig. 5. — ^Later banded vein along wall of white-quartz vein. 

stone, probably tongues from a great lenticular mass Ijung north of 
Rowe Lake. There are also many dikes of quartz porphyry and quartz- 
feldspar porphyry that have a general northerly strike. The southern 
part of the claims is occupied by a wedge-shaped mass of granite that 
tapers out to a narrow tongue northward. 

The vein lies approximately 650 ft. east of the northern tip of the 
tongue and can be traced northward as far as Rowe Lake. Southward 
the vein is not continuous but there are at least two quartz lenses, one 
exposed and one indicated by drilling, arranged in echelon with the vein 
and offsetting to the east along an arc which curves to the south eastward. 
Granite outcrops 300 ft. directly along the strike of the southern lens, 
but it is possible that an offset to the eastward may make room for a third 
lens beneath the swamp, east of the granite outcrop. The most southerly 
known lens has been well exposed in development work. 

At surface it has a length of 335 ft., and reaches a maximum width 
of 13 ft. At the north end it curves sharply to the eastward and 
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apparently pinches out, but deep cover in that direction has prevented 
thorough examination. The wall rock is fairly massive greenstone cut by 
narrow porphyry’' dikes. The vein cuts across the dikes at a small angle 
and includes fragments of them. The structure is not simple. The 
main part of the vein consists of rather milky white quartz, but on the 
east or hanging-wall side (the dip is steep to the east) there is a vein with 
dark-colored streaks parallel to its walls, which appears to be of later 
age than the white quartz (Fig. 5). It is somewhat sinuous but can be 
traced from end to end of the lens Along most of its course it lies 
between white quartz and country rock but in places it leaves the main 
lens and cuts out into the hanging wall. 

Spectacular occurrences of gold are found in both types of quartz, 
and in addition, petzite is present in some quantities. Some of the dark 
streaks in the secondary vein seem to be thin smears of the telluride 
along fractures in the quartz. Some pyrite is present both in the quartz 
and in the wall rock but the total amount of metallic minerals is small. 
Thus most of the gold content is in the form of native gold or as the 
telluride. 

The relation of the vein to the granite tongue and its evident subse- 
quence to the porphyry dikes are evidence that it is probably directly 
related to the intrusion of the granite. The process of vein filling was a 
complex one, and a fracturing subsequent to the first quartz filling 
conditioned the main introduction of gold values. Gold occurs in plates 
K in. in diameter in apparently unfractured white quartz, but it is likely 
that the narrow secondary vein will prove to be richer than the white 
quartz on account of its content of tellurides. 

The Bathhurst Veins 

The Bathurst claims lie northwest of Narrow Lake, approximately 12 
miles northwest of the Jackson-Manion. The geology is somewhat 
similar. Altered lavas are the oldest rocks and these are intruded by 
bosses of diorite of considerable size. Porphyry dikes of at least two 
ages cut both these rocks, and all are cut by massive coarse-grained pink 
granite which enters as a blunt salient from a great area of granite to 
the northwest. 

The veins are of two distinct types. The most promising one occurs 
in a felsite or porphyry dike, 10 to 20 ft. wide, which cuts diorite and 
greenstone. The dike has been fractured longitudinally and the fissure 
filled by gold-bearing quartz. The width of quartz varies from 3 ft. at 
the widest part to a few inches where narrowest. Intrusions of a pinkish 
porphyritic rock cut laterally and as pipes into the felsite dike and appar- 
ently into the vein, but this latter relationship is not very clear. Gold 
occurs in visible quantities in the quartz. Arsenopyrite in well formed 
crystals, pynte and chalcopyrite are present in small amounts. A 
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noteworthy fact is that the gold values are highest near the late pink 
porphyry. Since the vein is apparently older than the porphyry, this 
enrichment must be explained as an impregnation by solutions from the 
porphyry, following a secondary fracturing. 

Some veins on the Bathurst property lie wholly within the greenstone. 
The original discovery consists of an apparent width of 15 ft. of white 
milky quartz in ■which are spectacular occurrences of gold. One plate is 
in. bj’ % in. and still retains the groo^rngs made on it by' the glaciers. 
On development, it has been found that the true width of the vein is 
considerably less than the apparent width and that it is in reality an 
anticlinal fold which pitches at an angle of about 30° to the westward. 
Veins of this type probably conform to the bedding of the volcanic flows 
and perhaps are of the nature of saddle veins at the crests and troughs of 
the folds. 


The DunTtin Claims 

The Dxmkin claims lie 3 miles south of the Bathurst on a narrow tongue 
of land projecting eastwardinto Narrow Lake. The country rock is diorite 
which has suffered considerable schisting and, at a period later than the 
schisting, was cut by a porphyry dike 10 to 12 ft. wide. The dike cuts 
across the foliation at an angle of 30°. The vein is parallel to the folia- 
tion of the rock and so cuts the dike. The quartz is white and milky 
along the greater part of the vein, but at the intersection of the vein and 
the dike the quartz is deep blue in color. Gold is visible at various parts 
of the vein, but is exceptionally abundant in the blue quartz. 

This deposit has not been developed to the same stage as the Jackson- 
Manion and Bathurst, and hence fewer details as to its structure are 
available. The striking difference is the fact that it lies near no visible 
granite to which it can be assigned. 

The Tivy-Sloan Vein 

Other deposits of varying prospective merit might be mentioned but 
few have as yet had much work done on them. As another type of 
deposit it is worth while describing the remarkable vein on the Tivy- 
Sloan claims which lie east of East Clear Water Lake, 7 noiles east of the 
Jackson-Manion. 

This vein is remarkable for its length and uniformity. It has been 
stripped absolutely bare, with the exception of a couple of hundred feet 
for ^ mile. It has been found again to the south across a swamp and a 
bay of the lake and traced for another 650 ft. and then, beyond an area 
of heavy drift cover it has been uncovered for 900 ft. At the north end 
the strike is nearly north-south. To the southward it curves in a gentle 
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arc to a striko somewhat west of south. This arc, projected across the 
lake, joins an arc wnth a more southerly strike, and this arc, projected 
across the drift-covered area, connects with the southern exposure, with 
a southwest strike. 

The width of the vein is remarkably uniform. The lenticular char- 
acter so common in quartz veins in Pre-Cambrian rocks is absolutely 
lacking. At the north end as exposed, the width is 3 in. ; the middle part 
of the vein is 23'^ ft. wide and the southern arc reaches a width of 6 to 7 
ft. of quartz. The appearance in all parts is similar, the vein showing a 
decided banding and a wavy or colloform structure. The dip of the 
northern arc is 75 ° W. ; of the southern arc, 75 ° N. W. The quartz contains 
a little pyrite and some gold is visible but the occurrences are less spectacu- 
lar than those of the Bathurst, Jackson-Manion and Dunkin deposits. 
Black tourmaline is conspicuous on fracture planes in the southern part 
of the vein. 

The country rock is ellipsoidal lavas, with fragmental flowtops well 
developed. The vein occurs in or near one of the fragmental tops, and 
the gentlj’’ cunnng course of the vein probably represents the bedding of 
the ancient flows. The only other rocks that occur are narrow lampro- 
phyric dikes which cut the veins and have no connection with 
the mineralization. 

For this deposit, therefore, there is lacking not only any granite tongue 
or boss in the vicinity but also any visible intrusion preceding the forma- 
tion of the vein. It appears, then, that veins may occur under diverse 
conditions and any generalization at the present stage of development is 
hardly justified. 

It can be said, however, that the larger and richer of the deposits so 
far discovered are in the neighborhood of salients of granite which is 
believed to have furnished the auriferous solutions, and they are in rocks 
that have been previously intruded by porphyry dikes which no doubt 
shattered the older rocks and provided larger and more continuous 
channels for ore deposition than would otherwise have been the case. 

Conditions op Development 

The earliest mining development in the Red Lake district began in 
1895, when the only means of access was by canoe from the Canadian 
Pacific Railway 100 miles to the south. Nothing came of this venture, and 
even after the construction of the Canadian National Railway had made 
the Red Lake district more accessible, the distance seemed to be too great 
for successful development of mineral deposits. Therefore, after geologi- 
cal mapping had been completed in 1923, it seemed unnecessary to under- 
take the exploration of the Woman Lake area still farther from the railway. 

Conditions of travel, however, have been changing rapidly in northern 
Ontario. The first step in this modernization of prospecting was the 
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introduction of the outboard motor, which reduced the labor in canoe 
travel and led prospectors to undertake longer journey's. The next step 
was the introduction of air travel as a rapid and easy means of reaching 
hitherto inaccessible areas. The result has been the unprecedented 
rapidity with which both the Red Lake and the Woman Lake areas have 
been opened up. 

During the rush for location of claims that follows every promising 
discovery, airplanes have made possible extremely’ rapid staking. 
Equipped with floats, the machines are able to land on any lake of fair 
size; hence, in a country that is at least one-third water, it is possible to 
come wdthin a mile or so of any point. As development has proceeded, 
the air service in the north country has been of immense utility. Even 
during winter months the machines, equipped with skis for landing on 
snow, have continued regular flights* both to Red Lake and to Woman 
Lake. At first the chief service was in the carr\dng of mail and of passen- 
gers to whom time was a consideration. During the past season espe- 
cially, at Woman Lake, air transportation from Lac Seul, the end of easy 
water navigation, has competed successfully with w^ater transportation of 
freight. Supplies could be laid down at any given place in the district 
nearly as cheaply and certainly in better condition than they could be 
brought in by canoe. Many prospects some distance off the main water 
routes would never have been examined had it not been possible for 
supplies to be laid down right at their own lake front. 

The development of Red Lake and Woman Lake areas has shown that 
with modern methods no part of northern Ontario is too far away from 
regular transportation systems to be considered as a prospective mining 
area. Development can be carried forward by air service at reasonable 
costs to a point at which it can be decided whether a deposit is of sufficient 
value to warrant the building of a railway. 

DISCUSSION 

G. A. Packard, Boston, Mass. — Are the occurrences of gold in these rocks sup- 
posed to be related more particularly to structural causes or are they influenced more 
by the composition? Por example, I have a report on property on the west side of 
Kpestone Bay. The report states that what is called quartz-porphyry differs in 
character, part of it being rather light colored, quite acid, and the other portion being 
slightly darker; and also that the gold has been found in the audesite rather than in the 
apparently more acid rock. The writer believes that this is not due to the variation 
of composition but to structural details. 

E. L. Bruce. — I presume you mean when gold occurs in the vein, because it seems 
rather general in this district that there is comparatively little impregnation of the 
wall rocks by the solutions. 

When we speak of the Howey as an orebody we only mean that the whole dike 
must be mined in order to get the quartz. It is structure rather than a difference in 
the composition, because if it were a difference in the porphyry we would expect some 
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indication of it. Quartz porphyry is only a general term; it is impossible to make 
minute divisions to cover all variations. 

D. T. O'Connell, New York, N. Y. — On Mackenzie Island in Red Lake may be 
found a vein that apparently looks like pure quartz but actually contains tellurides, 
and I would Like to know if you happen to have come across that and what the relation 
is between that particular kind of vein and the normal gold pyrite-bearing vein. 

E. L. Bruce. — I am sorry that I have not seen that vein on Mackenzie Island. 
How much telluride is there? 

D. T. O’Connell. — I can only say that it is a telluride vein, because I happened 
to throw some pieces in the fire, and in a few minutes a few specks of gold appeared. 
A solid section across the vein assayed $10 gold to the ton. 

E. L. Bruce. — I think that vein is probably exactly similar to the others except 
for a variation in the mineralization. 

D. T. O’Connell. — There is no pyrite visible. 

E. L. Bruce. — In the Howey the amount of pyrite is small. The difference 
perhaps depends on difference of temperature. In other words, if the Howey vein 
were traced toward the granite contact, it might be found to contain tellurides 
instead of pyrite. 

D. T. O’Connell. — The vein I found was at right angles to the strike, and it 
seemed as if it were a different sort of vein, entirely, from the Howey. It have seen 
the Howey. They had a different bed-rock or wall-rock composition in the Howey, 
located between greenstone and quartz porphjTy, whereas this is what I would call a 
telluride quartz vein and was located between slates, or what appeared to be slates. 

E. L. Bruce. — In that district you are fairly close to the granite boss, and I 
rather suspect that it is the proximity of the granite that determines the character of the 
mineralization. 

u. W, Bain, Amherst, Mass. — I happen to have sampled and examined the veins 
on Mackenzie Island at the invitation of Timothy Crowley, the owner, and none 
assaj'ed as high as $10, so that Mr. O’Connell’s communication comes more or less as a 
surprise. One did run $9.60 but rechecks taken on new samples failed to assay over 
$0.80. The veins in one section of the island contained a mineral that resembled 
telluride but on further study turned out to be arsenopyrite. 

The telluride, tetrad:>TCQite, has been reported from the Howey property. I 
was never able to find it but did encounter another with similar physical properties 
which could be confused Tvdth tetradymite unless the chemical tests were carefully 
made, I picked half a gram of this mineral from one of the McIntyre veins; the 
crystals were not very good but they were as good as anybody could get. Analysis 
showed that it was a lead sulphotelluride with a trace of gold and silver and fitted the 
formula (Pb, Ag, Au) 2 . (S, Te, Se Sb) s for nagyagite. Careless tests would confuse the 
lead with bismuth. Krennerite also occurs but is very rare. 

D- T. O’Connell. — May I say a word about the remarks of the previous speaker? 
He mentioned a vein on Mackenzie Island. That island is 4J^ miles long and in 
parts it is IK miles wide. There are many veins on the island. In fact, we took 
samples of nine veins, ourselves, of different kinds. The vein I have in mind could 
hardly be called a vein. It is a veinlet. It was only 3 in. wide, and we blasted the 
entire veinlet out and took it with us. At least, we blasted the entire top out of it 
and went down the dip vertically into the ground a few feet. 

In regard to being mistaken about the gold content: I roasted the ore right on the 
spot and found the specks of gold coming out, to my great surprise, because it was the 
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first gold I saw on my whole tiip to Red Lake. We brought the samples of this ore 
back to New York and they w’ere assayed bj' Ledoux & Co. 

A. M. Batemax, New Haven. Conn. — I should like to ask Mr. Bruce if he saw, in 
any of the quartz veins of this section, an}' indication that they might be vein dikes? 

E. L. Bruce. — The” only thing that could be called a vein dike — or my idea of a 
vein dike — is the quartz of the first generation, the quartz that carries some pyrite and 
comparatively no gold. It has been fractured and the fragments included in the 
secondary" vein, which carries most of the gold. 

G. W. Bain. — I do not know whether the vein sti*uctures to which Mr. Boydell 
has drawn our attention are general throughout northern Ontario but they are 
characteristic of the Howey-Mclntyre deposit at Red Lake. Over 50 specimens 
containing gold, representing the majority of localities where values were found, 
showed that the gold and tellurides filled late stage fractures in every case; and 
conversely, other thin sections showed that veins lacking strong secondary- fractures 
were consistently barren. 

The age relation, of the granite and the so-called quartz porphy-ry does not seem to 
have received the attention it deserves. One of the many rock tj-pes designated as 
quartz porphyry- is exposed in the west central part of the McIntyre group of claims 
and grades into the granite bathohth outcropping north of the Howey, from which 
it is etfidently a marginal offshoot. Dr. Bruce, Dr. Hawley, Mr. Wookey and myself 
went over the east end of this exposure in detail because, to the Mclnty-re staff, it 
seemed to be of great geological significance. 

The exposure ends in a cliff about 20 ft. high and 40 ft. wide. A black dikelike 
mass about 20 ft. wide protrudes upwards from the central base of the cliff and at 12 
ft. upends in a series of jagged fingers projecting into the quartz porphyry cover. 
Narrow shear planes marked by greenish sericite extend upward from the top of some 
of the fingers and even from the main part of the dark mass, which is slightly sericitized 
irregularly throughout and not along localized planes. Localization of sericite in the 
overlying rock in contrast to general, irregular distribution in the underl 3 dng, and the 
fact that the dikelike mass widens greatly downward, seem to indicate that the latter 
is intrusive into the porphjTy cover. However, Dr. Bruce saw these features and 
dissented from our opinion. 

The dikelike mass is petrographically similar to the so-called porphyry at the 
Howey, but I cannot regard the rock as a true quartz porphyry; most, if not all, the 
quartz in the rock associated with the gold deposits on the Meinty-re and adjoining 
section of the Howey is secondary and seems to have been introduced at a stage when 
the fracture systems had not become as highly- localized as the chief ones now appear. 
The rock appears, on microscopic evidence, to be an andesite. 

E. L. Bruce. — Dr. Hawley and I could not see it in that way. I am willing 
to admit that when it comes to the intrusion of one kind of igneous rock by another 
it is sometimes extremely difl&cult to tell which is the intruding rock. And the older 
the rocks, the more difficult it is. So there is a difference of opinion between Mr. Bain 
on the one hand and Mr. Hawley and myself on the other, and if you want to decide 
that, you vdll have to go to see the outcrop yourself. 

H. C. Boydell, Cambridge, Mass. — ^Is that feature developed to any great 
extent in the area? 

G. W. Bain. — That is the only one I know above ground. 

E. L. Bruce. — Mr. Bain also said that the Howey dike is an andesite. I cannot 
agree. I am doubtful if the term andesite is applicable in such a relation. The 
quartz there is phenocrystic, in my estimation. There again Mr. Bain and I differ. 



Sedimentary Metalliferoi^ Deposits of the Red Beds 

By John' Wellington Finch,* Denver, Colo. 

(New York Meeting. February, 192S) 

In August, 1927, the writer examined certain copper deposits in 
New Mexico^ which occur in beds of sandstones and shale, and in con- 
nection therewith reviewed the literature upon deposits of this type. 
Such deposits are known and have been reported upon at various points 
in Texas, Oklahoma, Arizona, Colorado, Wyoming and Utah, but in 
New iSIexico they have been given more development than elsewhere 
and apparently occur there more conspicuously than in the other states. 

Some 25 years ago the writer examined deposits of similar origin in 
northern Arizona and more recently other deposits in western and south- 
western Colorado, and these examinations have led him to realize how 
widely scattered are the deposits and how generally noncommercial 
they are. On superficial development, to one without a comprehension 
of their geologic nature, they are alluring on account of occasional small 
amounts of high-grade ore and much misplaced capital has been expended 
upon them. This paper, therefore, aims to present briefly certain theories 
of genesis, some details of which may possibly be new, and to lead up 
to practical conclusions which may be useful to other geologists 
and engineers. - 

A bibliography of the more important literature upon such deposits 
is given below.* Coffin’s Bulletin upon the Radium, Uranium and 
Vanadium Deposits of Colorado, published in 1921, is a particularly 
clear discussion. The most comprehensive recent statement is Butler’s. 

* Department of Geology, Colorado School of Mines. 

Localities in New Mexico are given in U. S. Geol. Survey Prof. Paper 68, 76. 

* W. Lindgren, L. C. Graton and C. H. Gordon : Ore Deposits of New Mexico. IJ. S 
Geol. Surv. Prof. Paper 68 (1910). 

S. F. Emmons: Investigation of Metalliferous Ores. U. S. Geol. Surv. BuU. 260 
(1904). 

W. Lindgren: Replacement Orebodies and the Criteria for Their Recognition. 
Earn. Geol. (1911) 6, 556. Also Textbook upon Mineral Deposits (1919) 399-412. 

A. F. Rogers: Origin of Copper Ores of the “Red Beds” Type. Econ. Geol. 
(1916) 11, 366. 

W. H. Emmons: The Cashin Mine, Montrose Co., Calif. U. S. Geol. Surv. 
BuU. 285, 125. 

W. A.. Tarr: Copper in the “Red Beds” of Oklahoma. Econ. Geol. (1910) 6, 221. 

B. S. Butler, G. F. Loughlin and V. C. Heikes et al: Ore Deposits of Utah. U. S. 
Geol. Surv. Prof. Paper 111 (1920). 

R. C. CofiSn; Radium, Uranium and Vanadium Deposits of Southwestern Colo- 
rado. Colorado Geol. Surv. BuU. 16 (1921). 
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He describes a large number of occurrences in Utah and connects them up 
genetically with deposits in other states. 

Deposits of this type are particularly characteristic of the “Red 
Beds.” Members of the so-called “Red Beds” group have .been assigned 
to periods ranging from upper Carboniferous to early Cretaceous. At 
many points in the Rocky Mountain region of the United States, Permian, 
Triassic and early Jurassic have the appearance of a stratigraphic unit. 
In certain areas they are conformable throughout and exhibit continuity 
of conditions of climate and deposition. Jurassic and Triassic beds have 
much the same distribution. The exact age limits of the beds are some- 
what immaterial in the present discussion. The metalliferous strata 
are found locally at all horizons in nonmarine Red Beds. In all cases 
these deposits lie in beds containing plant fossils. These constitute the 
Jurassic and Triassic formations in the regions to be discussed below, and 
possibly certain underlying beds whose age has not been fully agreed upon. 

Obiginal Character of Deposits 

Briefly, the essential conceptions are as follows: Following the 
Carboniferous coal measures, there was a considerable climatic change, 
particularly a decreased humidity; the shallow seas receded during the 
Permian from a broad uplift extending from central Isew ^Mexico into 
western Wyoming in a direction somewhat more northwesterly than the 
present Rocky Mountains; during this time the Carboniferous and 
earlier Paleozoic beds were being removed from this land area; and by 
the beginning of the Triassic as generally defined, Pre-Cambrian out- 
crops were supplying much of the materials of the Red Beds. Erosion 
had proceeded to such a point that there was a low continental divide 
along which Pre-Cambrian rocks appear to have been exposed more or 
less continuously. Erosion products from this ridge were spread east 
and west over broad flood plains through an average distance of, roughly, 
200 miles on its west flank in northern Utah and Colorado, and possibly 
300 miles in northern Arizona and northern New Mexico; and for a 
distance more difficult to determine on the east flank of the ridge. On 
both sides the Red Beds contain gypsum locally and lime generally though 
the beds are predominantly of clastic materials. This continental area 
was bordered by advancing and receding seas. On the west 
enormous thicknesses of Triassic and Jurassic marine beds were deposited 
in Nevada and Cahfomia, but thin beds in the intermittent epicontinental 
sea to the east, which advanced toward the end of Jurassic, depositing 
marine beds in New Mexico overlapping the Red Beds into the region of 
the present mountain range. 

Since the metals were derived from weathered outcrops, they were 
transported either as fragments of minerals from the zone of oxidation or 
as soluble salts, generally sulfates. The transported particles of iron and 
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manganese were oxides and carbonates, and the mineral fragments from 
copper veins were mostly carbonates. Under such conditions of land 
deposition in a semi-arid climate,^ streams did their most important 
transportation at times of violent local precipitation. They also deployed 
about over their flood plains, and changed their courses rapidly. As a 
result the beds of sand and gravel thicken and thin out in a most erratic 
manner. It also appears that the particles of metallic minerals were 
carried from the hills area only intermittently, probably when local heavy 
precipitation on the actual outcrops stripped them of their weathered 
debris from time to time. In any event, there is ample evidence that only 
occasional areas of particular beds had any notable amounts of dis- 
seminated metals deposited with them, though there is a great vertical 
range through which beds at many horizons contain them locally. Also, 
in the Great Basin region the deposits are more generally characteristic 
of the Triassic in western Utah, as in the Henry Mountain region and 
similar longitudes in Arizona; but more of them are found in the Jurassic 
farther east and closer to Pre-Cambrian areas. 

The continental territory of the Rocky Mountain region throughout 
the Triassic and Jurassic sustained a growth of xerophilous vegetation, 
particularly in southern Colorado and southward and westward, the 
largest forms being cycads of which there are large fossil trunks. Plant 
fossils are generally fragmental as if carried down with rock debris by 
flood streams, though tree stumps are found in place. 

First Period of Redeposition 

At the close of the Jurassic, the Rocky Mountain area in the region 
under consideration had been reduced to a peneplain. Across this the 
Cretaceous seas advanced and buried the metalliferous beds under several 
thousand feet of sediments. During this long interval much of the 
fragmental plant material in the beds was converted into coal. Coin- 
cident with this, hydrogen sulfide was evolved and retained in the rocks, 
as were doubtless the volatile hydrocarbons which develop in the forma- 
tion of coal. Transported iron materials from veins and the iron serving 
as the red coloring matter of the beds, and some of the copper, probably 
combined with H2S as soon as the latter began to evolve, and before the 
beds were deeply buried, to form pyrite and chalcopyrite. ^ These minerals 
are found wholly or partly replaced by chalcocite and coveUite, doubtless 
from sulfate solutions forming in beds which were still in the zone of 
oxidation. The metal-bearing beds are bleached to a gray color in sharp 
contrast to the strong coloring of adjacent strata, showing the removal or 
deoxidation of iron. 

* A. J- Tieje: The Red Beds of the Front Range, etc. Jnh Geol. (1923) 31, 192. 

^ E. S. Bastin demonstrates the development of H 2 S by sulfate-reducing bacteria 
and suggests the deposition of copper, lead and zinc sulfides from sulfate solutions 
thereby in the Mississippi Valley. Jnl. Geol. (1926) 34, 773. 


JOHJJ TTELLINGTOX FIXCH 


3S1 


Although the disseminated copper minerals were mostly carbonates 
at the time they were deposited with the sediments, we find the copper 
redeposited and replacing coal fragments as sulfide, generally as chalcocite. 
Butler reports silicified plant fragments and notes that these do not 
contain metals. Such silicification etidently took place before the first 
period of redeposition. A striking feature of the Jurassic and Triassic 
beds is the prevalence of lime. They give a vigorous lime reaction, 
whether they are conglomerates, sandstones or shales. Having then, 
below water level, hydrogen sulfide and hydrocarbon gases forming in 
and around the plant remains, and lime, in the presence of copper car- 
bonates, after the beds were deeply buried and temperature compara- 
tively high, the following cycle of reactions can be assumed:® 

Formation of Covellite 

(a) CuCOs Cu(OH)3 4 - 2H2S = 2 CuS + H2CO3 + 2H2O. 

Conversion of Covellite to Chalcocite 

(b) Decomposition of HiS, thus 2H2S = 2H2 + Sa. 

2 CuS -f Ha = CuaS -f- HaS. 

Formation of Anhydrite from Calcium Carbonate 

(c) Using HaS from (b) 

CaCOs + HaS -f HaO = CaS 04 + CH* (Methane) 

Formation of Chalcocite by Methane 

(d) 2 CuS -j- 2CH4 = CuaS -f HaS + CaHs (Ethane) 

Though both are found, chalcocite exceeds covellite, as these reactions 
lead one to expect. It has been observed that the chalcocite does not 
always appear as replacements of coal fragments but often in concretion- 
ary forms. It is suggested that the latter had their growth about nuclei 
of lime as indicated in equations (c) and (d). These are not found except 
in or near the beds containing coal. HsS is believed to be an essential 
reagent in both types of replacement. Gypsum occurs as a secondary 
mineral in the deposits and is accounted for in the above reactions. The 
solutions were practically stagnant; they apparently deposited the 
sulfides in the more porous rocks not far from the disseminated minerals 
from which the solutions were derived and accomplished this more by 
diffusion than by circulation. 


Second and Final Period of Redeposition 

In the early Tertiary, the uplift of the present Rocky Mountains 
began, followed by intense faulting and folding (processes of deformation 
which are still active) aU of which resulted in rapid degradation. Ulti- 

' Prof. L. D. Roberts, at the laboratory of the Colorado School of Mines, has 
found that reactions (a) and (b) are comparatively rapid in distilled water. 




3S2 SEDIMKXTARY MBTALLIPEROUS DEPOSITS OF THE RED BEDS 


mately, and quite recently in some places, the metalliferous beds again 
appeared at the surface by the removal of the overlying formations, and 
whenever the beds became exposed the last stage in the growth of the 
metal deposits began. This may have happened at quite different epochs 
in the various localities. 

In this period, which extends to the present, the deposits have been 
made over into the form in which they are now generally found at and 
near the surface, and it is this final stage of concentration which has 
formed local bodies yielding a small production of high-grade sorted ore. 
The ores generally referred to in the literature on the subject are those 
which have been formed in this last concentration, and they are the only 
ones that approach commercial value in any quantity. 

The chalcocite and other sulfides were attacked by weathering agents 
as the surface was eroded down to them. Such copper and iron as was 
not carried away in streams was redeposited as carbonates (malachite 
and azurite), sfiicates (chrysocolla), and oxides (hematite, limonite, 
cuprite, etc.). Such chemical redeposition is well known on the outcrops 
of copper sulfide ores and for a moderate depth below the surface, so 
requires no explanation. There was doubtless repeated redeposition as 
erosion cut through such secondary deposits and exposed fresh chalco- 
citizcd beds. 

The oxidized ores are limited in extent in all the deposits examined 
and in all those described in the literature. This is due to several causes : 
(1) The disseminated chalcocite bodies, from which the oxidized ores are 
derived, were already decidedly localized, as can be seen wherever they 
have been developed; (2) circulating atmospheric water has free access 
to them below their outcrops only locally, because the beds are alternating 
layers and lenses of great variability of texture; (3) structure and topo- 
graphy are usually important factors in the deposition of the oxidized 
ores; (4) the chalcocite was oxidized and disintegrated and, except at 
points favorable for redeposition, streams probably carried away 
considerable copper in sulfate solutions. 

Faces of cliffs are particularly favorable points for accumulation. 
Though the coarse beds were favored in chalcocite deposition, the carbon- 
ates seek the finer grained sandy shales. These become saturated with 
water charged with copper gathered from overlying local chalcocite beds 
or those immediately below. Such solutions cannot flow freely and 
drain away, but move slowly outward by capillarity to the outcrops of 
the shale, where they are evaporated and drop their copper contents. 
In the bodies inspected, developments showed that the commercial 
carbonate-silicate ore did not generally extend more than 20 ft. inward 
from the outcrops along the beds. This seems to be about the distance 
through which evaporation is effective. The length of such cliff outcrops 
along the strike, in all eases seen, is less than 50 ft., the carbonate ores 
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fading abiniptly into shales practically umnineralizcd Ly copper. In 
the orebodies, there is special concentration along and near vertical 
joints and cracks, as would be expected. 

Another favorable situation for carbonate ores was found to be on a 
dip slope where a shale bed lies near and parallel to the surface. Several 
openings were examined from which high-grade sorted ore had been 
shipped from such an area. The cupriferous shale was found Ijdng upon 
a coarse arkose containing scattered chalcocite in nodules and fossil 
forms with oxidized crusts. Where the arkose was exposed without 
overlying carbonates, no chalcocite was observed. 

Butler stresses the dependence of such deposits upon structure and 
finds them grouped along anticlines. This may be due to the fact that 
the beds are usually more deeplj’’ eroded along anticlines, cliff faces are 
formed, and the other conditions noted above are satisfied. He groups 
the deposits into four classes according to the predominating metal, 
copper, silver, uranium- vanadium, and manganese, and observes that 
those characterized by one of the metals is usually deficient in the others. 
Iron is present in some amount in all these deposits, and at many points 
in considerable quantities. Manganese locally predominates over iron 
and a small commercial production has been made in Utah. At certain 
points in Utah, silver is the principal metal. In Paradox Valley, Colorado, 
remote from railway, uranium-vanadium beds produced commercially 
for several years mostly on account of the associated radium, until the 
radium ores of the Belgian Congo came into competition. Similar 
deposits near Rifle, Colorado, are now yielding a profit because of favor- 
able transportation. The rarer metals, such as chromium, cobalt and 
selenium have also been reported, but nowhere in commercial amounts. 
Copper deposits are, however, the most prevalent and are widely dis- 
tributed, usually accompanied by a small amount of uranium and vana- 
dium, but in many places free of other metals except iron and manganese. 
The variations in the contents of the deposits in different regions indi- 
cate that particular metals characterized local districts in the Pre- 
Cambrian ridge. 

Butler refers to similar deposits in younger beds, even as late as 
Tertiary, in the Rocky Mountain region. These were probably derived 
from older beds and crystalline rocks in the same manner as the 
metals in the Red Beds, but conditions for accumulation did not pre- 
vail so generally. 

In the New Mexico deposits examined, vanadium-uranium minerals 
were recognized at several points, and it is believed that they generally 
accompany the copper carbonates. Vanadium and its associated metals 
ihay have been derived from the plant remains in the beds the;faselves. 
It will be recalled that vanadium was discovered in ashes from thefcurning 
of coal. An analysis of coal from sandstone beds in southern Colorado 
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by W. r. Hillebrand showed 0.18 per cent, vanadium. No extended 
consideration of uranium and vanadium deposits will be undertaken in 
this paper, but attention is called to the fact tbat these are found in the 
same beds as the copper, exhibit the same relations to the other materials 
of the beds, such as the replacement of carbonaceous fragments, and in 
their present form are concentrations of oxide minerals, probably derived 
from minerals originally disseminated. 

Lead and zinc were undoubtedly originally disseminated in the beds 
but were not subject to solution and concentration. 

Practical Deductions 

The carbonate-silicate ores are not found in sufficient quantity in 
any one area to justify the erection of milling plants for their treatment. 
This has been tried at several points in New Mexico with failure 
as the result. 

A larger tonnage might be produced by mining carbonate and chalco- 
cite beds together, but this would greatly reduce the grade if unaltered 
chalcocite beds were mined, since they are not in themselves commercial. 
Chalcocite beds may be found enriched to a moderate degree in close 
proximity to the shale carbonates, but if by mining these a good tonnage 
of apparently adequate grade could be obtained, such a method would 
involve the metallurgical problem of recovering copper from carbonates, 
silicates and sulfides. The sulfides are generally coated and permeated 
with carbonates and cannot be successfully floated, and table concentra- 
tion makes a low recovery. The carbonates can be leached successfully, 
but the silicates only with difficulty. A plant, including table concentra- 
tion, leaching and smelting of mill products, was tried in the Estey dis- 
trict, Socorro County, New Mexico, and was promptly abandoned. 
Direct smelting of sorted ore seems to be the only method of malfing 
commercial recovery. 

No one district known to the writer promises to yield enough produc- 
tion to justify investment in a local smelter. The deposits lend them- 
selves best to the purposes of the individual miner and leaser who can 
search for lenses of ore, and ship a sorted product to the custom smelters. 
Under favorable conditions he can make a small profit. 

The ores can be found by tracing float in cliff talus or in the wash on 
dip slopes. Where such guides are lacking the ore probably does not 
exist. The theory prevailing in some localities that commercial ores are 
continuous under considerable areas is unsupported by geological evi- 
dence. Where the carbonate ores have been found and developed they 
have been soon exhausted, and the fact that they are discontinuous 
has been deter m i n ed in so many cases that it can be accepted as 
a rule. 
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DISCUSSIOX 

F. L. Hess, Wasliingtoii, D. C. — It seems to me that we must Insat ali of the 
iiietalliferous deposits of the plateau sediments together. A number of years ago, 
I wrote an article® in -which I proved, at least to my own satisfaction, that these 
deposits w'ere all due to precipitation from solution by organic remains, but I never 
was able to give any formulas for the reactions and I could not discover the original 
uranium and vanadium minerals. Recently" there has been foimd in a few deposits 
a jet-black substance, probably a mixture of minerals, which may be the original 
uranium and vanadium minerals that were precipitated by the organic remains. 

Dr. Finch has given an explanation for the copper at the outcrops which is exactly 
in line wuth my experience. The same reasoning does not, however, apply to uranium 
and vanadium deposits ; nevertheless it seems to me that the similarity of the causes 
of precipitation is very close for the three metals. 

The silver deposits of Silver Reef, Utah, also are wholly connected with organic 
remains, the explanation probably being that silver w’as dissolved by sulfuric 
and selenic acids formed from weathering minerals in the original deposits and 
the solutions were carried out into shalio-w seas from which they were precipitated 
by decaxnng vegetation. 

D. White, Washington, D. C. — Several points should be noted: First, in relation 
to the environmental condition of the Red Beds deposition, I should vie-w rather 
favorably the occurrence of long dry seasons rather than downright year-round aridity. 

Second, in general, -wherever red-bed series of rocks are found, organic decom- 
position, in order to bring about the destruction of the plant and animal debris has 
had to compete successfully against the final complete oxidation of the irons or other 
metals, with the result that usually these red bed series if they contain much vege- 
tation are not very red, but are apt to be bluish or greenish or light colored. The 
vegetable debris that we find in red beds is usually drifted. 

My third observation is that the buried log is never completely silicified'. A part 
of it, and usually the greater part of it, whether in sandstone or shale, is carbonized, 
not silicified. 

My next point relates to temperature. The Permian Wichita series in Texas 
(along the Wichita River) carries copper and iron ores which sometimes replace 
plant material. This series might, perhaps, have been covered as deep as 2000 ft., 
but the region has never been subjected to any great folding or deformation. The 
stage of initial metamorphism shows that the beds have not been subjected to any 
great compressive stresses, such as to cause a temperature of 200® F. In the Appa- 
lachian trough, or, better yet, in the Rocky Mountain region at depths of 7000 ft., 
we find temperatures less than 180® F. Only in regions of active or very recent 
deformation on the western border of the continent, vrhich have not had time to 
cool, do we find temperatures approaching 40 or even 30 ft. to the degree Fahrenheit. 
Exceptions are found near warm intrusives. 

In most cases where stems are impregnated with copper it is fairly evident that 
the silicification — ^if it is silicification — or impregnation took place before loading 
of the macerated or saturated material by superimposed sediments had flattened 
the stems to the coUapsed state in which the unmineralized or unimpregnated stems 
are found. 

Finally, again, as to climate: In the northeastern comer of the coal fields of 
Illinois, at the old mines in Coal No. 2, there are lead and zinc ores which are weathered 
out of the honey material and the fusain partings of the coal beds. Some may be 

®F. L. Hess: Hypothesis for the Origin of the Camotites of Colorado and Utah, 
Econ. Geol (1914) 9 , 675. 
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ill roof shale. Sometinies there are rather pretty specimens of lead and zinc crystals. 
In this region embracing the northern part of Illinois there is nothing to indicate 
any lack of rainfall or failure of the prevalent mildness of temperature when the 
coal-forming matters were deposited. 

Meiiber. — Cobalt has been mentioned. Where is it, and in what form? 

F. L. Hess. — The form is very obscure. All I know is that copper, iron and 
cohalt occur together as oxides in a black-stained sandstone, in Sinbad Valley. 

Concerning Dr. White's comments on temperature: these beds must have been 
buried under at least 7000 ft. of sediment at one time. That might conceivably 
have brought the temperature up to a full 200° F. 

There is another interesting fact about these beds: When they are heated they 
almost invariabb' give off organic substances which smell vilely, showing that all 
the organic compounds have not been broken up, and that the organic remains are 
not merely in the form of carbon. 

D. White. — I do not think any one is assuming that the organic matter in the 
shales or sandstones referred to is yet reduced to carbon. Apparently the metal- 
liferous salts in solution are reduced or changed to sulfides in the presence of organic 
matter that is being decomposed and which may furnish the sulfur through oxi- 
dation. In its critical moment of hunger for oxygen the organic matter may rob 
the metalliferous sulfate. 

In the Illinois area there has been for a long time very little cover over the coals, 
and I meant to mention that fact as favoring the migration of solutions. Further, it 
is very doubtful whether the northern Illinois coal field was ever covered to a depth 
of 2000 feet. 

I ^nsh to stress the fact, which I think you will be able generally to confirm, 
that where there is replacement of plant stems and branches by sulfides or silica 
the replacement occurred, almost or quite contemporaneous with deposition, and 
before the stems had been macerated and flattened under a few hundred feet of 
superposed strata. 

F. L. Hess. — I do not agree with Dr. White about the deposition of most of these 
things. Before there was any considerable cover on the vegetable remains in the 
uranium deposits, there was no uranium or vanadium to amount to anything. 
Deposits of minerals occur where the wood has been partly decayed. 

T. S. Lovbeing, Washington* D. C. — I made a few experiments some years ago 
that may have bearing on this general question. We have been accustomed to think 
that organic material will precipitate copper and various other compounds but we 
have not been able to discover the process by which it is done. 

I had some good evidence of bacteria precipitating native copper. We tested 
out the possibilities and found one or two compounds which had a very strong reducing 
action; that is to say, we found organic compounds that would reduce copper sulfate 
to metallic copper rather than to copper oxide. These compounds are all generated 
by the commoner forms of bacteria, not necessarily bacteria that live only in reducing 
environments, but bacteria that will live in either a reducing or oxidizing environment. 
If these small organisms are present, close to the surface, we have a mechanism that is 
entirely adequate to precipitate copper from rather strong acid solutions. 

J. W. Finch. — Dr. E. S. Bastin^ has also touched upon the subject mentioned by 
Mr. Levering. I had begun to believe that the reactions described in my paper may 
have played a part in the deposition of the lead and zinc sulfides of the Mississippi 


^ See page 390. 
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^’alley. I still believe this to be probable. Dr. Ba.^tin has, however, given much 
siucly to the theory of the deposition of these sulfides through the agency of sulfate- 
reducing bacteria which developed hyrlrogen suifide- 

E. S. Moore. Toronto, Ont. — Have you round any reliable evidence that hydrogen 
is set free in the reaction indicated in the equation given, at the temperature which 
proVjably prevailed at the time? I am inclined to question the accuracy of this 
equation for the conditions specified. 

J. \V. Finch. — I do not feel sure about that myself, but at least one metallurgist 
thinks these processes might have gone on in what he calls a ‘‘hydrogen atmosphere.” 
We know, of course, that in the coal fields there is plenty of iron sulfide; we know that 
in the petroleums we have sulfur, which maj’ have been produced according to one of 
these equations, with the Kberation of free hydrogen. 

R. Blanchard and P. F, Boswell, Duncan, Ariz. (written discussion). — In our 
scouting we have come more or less in contact with the Red Bed copper deposits of 
the Southwest. To a lesser extent we have visited the vanadium-uranium deposits. 
One or both of us have examined most, if not all. of the deposits inferentially desig- 
nated by Mr. Finch as having been visited by liim. and in addition we have examined 
numerous others, including the Boleo deposit in Lower California, where we spent five 
weeks.'* Most of the examinations were commercial, but several were made purely 
for the i)urpose of increasing our knowledge regarding the deposits. In one case seven 
weeks were spent in a single district, working out the geology of a large area in which 
the copper showings exhibited more than the customary promise. 

Our observations regarding the Red Bed copper deposits are not wholly in accord 
with the statements made by Mr. Finch. We concur in his conclusion that most of 
the deposits, as now kno\^m, are not commercial, though Boleo certainly is an exception. 
We do not concede that some of the deposits, with proper exploration, may not develop 
into profitable mines, for we do not grant that all the deposits were derived from out- 
crops now eroded, nor that all of them are necessarily the result of mechanical or 
chemical concentration by surface agencies. We have failed to arrive at a hypothesis 
of origin that will cover all the occurrences; for the field evidence shows rather con- 
vincingly that different deposits have had different origins. 

Commercial considerations preclude our giving as specific details as we would 
wish regarding certain of the deposits. One of the larger Red Bed areas, in which the 
copper occurrences are scattered irregularly over approximate^^ 50 square miles, 
shows no known igneous rocks at the surface within 30 miles; and most of the copper 
occurs in flat-lying, undisturbed, sandstone beds as replacements of carbonaceous 
matter by chalcocite, as chalcocite nodules or concretions in the sandstone, and as 
copper carbonates and silicates replacing the limey cement of the sandstone. But 
it is noteworthy that if a few of the smaller isolated, copper-stained showings are 
excluded, the lenses, or pockets, of copper minerals occur entirely within clearly 
defined fracture or fissure zones of nearly vertical dip; that the largest lenses usually 
occur in the strongest and best defined fissure zones; that traversing these fissure 
zones are irregular, discontinuous and generally inconspicuous networks of hypogene 
quartz veinlets; and that though the quartz has not been thus far found to carry copper 
sulfides the veinlets are especially numerous where the lenses of copper minerals are 
likewise largest and most numerous. At one end of the district, isolated from the 
principal showings, the Assuring over a half-mile area is particularly strong, ‘and this 
area is flooded with intersecting quartz veinlets that merge into a smaller area of 


® At Boleo the sedimentary beds are not red in color, but in all other respects the 
deposit conforms to the Red Bed copper type. 
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garaetized sandstone. Here, not only are the copper minerals associated with the 
gametized sandstone; they are intimately intergrown with it. 

If space permitted, w'e could show that the copper lenses above described, wdth 
their associated fissure silicifications and strongly defined fissure zones of vertical dip, 
resemble closely the outcrops over copper orebodies in several sedimentary copper 
districts of the Southwest. Such showings are just about what would be expected as 
outcrops over the Bisbee limestone country, for example, if 1000 ft. less of erosion had 
oecuiT&l there. To us, the judging of a Red Bed district such as this. one would 
concern itself not with the possible mining and treatment of the small pockets of 
mixed copper minerals now showing at the surface, but with (1) whether at depth 
more favorable horizons existed; (2) if they existed, w'hcther they lay near enough to 
the surface to make their exploration commercially feasible; and (3) granting (1) and 
(2), ’whether the underhung intrusive — ^which is suggested by the numerous quartz 
veinlets in the fissure zones, and is clearly indicated by the garnetized sandstone — 
might lie close enough to the surface to have cut out the more favorable horizons 
beneath. Judging the deposit from that point of view might lead to conclusions 
entirely different from those following the judging of the deposit merely on the 
i)asis of the scattered small pockets of mixed copper minerals which show at 
the surface. 

In another of the Red Bed districts, which we examined, all the major copper 
showings in the sandstone (except one that is isolated and is clearly the result of 
mechanical concentration of desert debris) are either (1) directly associated with an 
intrusive stock that at the points of contact itself carries copper mineralization, or (2) 
confined to those portions of the flat-lying sandstone which are cut by numerous 
nonconspiciious dikes of the intrusive rock. The dikes are not mineralized with 
copper; the copper in those areas occurs as concretions or as replacements of car- 
bonaceous matter in the Red Beds. But it is significant that in all directions impor- 
tant copper mineralization in the sandstone ceases within H of the areas cut 
by the dikes, and that the best copper shovrings occur in the central portions of the 
dike areas. 

In still another district no intrusive rocks are exposed, but the copper-bearing 
area, approximately 2 square miles in extent, is domed above the more uniformly 
dipping sediments, somewhat after the manner of the doming at OpMr, Utah; and the 
copper mineralization is concentrated closely along two major fissures near the crest 
of the dome, much as the lead-silver ore at Ophir is concentrated along the mineral- 
ized fissures in that district. 

We could cite other examples in which the field evidence is persuasive that the 
present copper bodies in the Red Beds were derived from outcrops now eroded, or 
that the copper must have been imported mechanically or chemically from an out- 
lying area, as is asserted by Mr. Finch. The three contrasts are mentioned merely to 
show that a single origin cannot be ascribed to all the Red Bed deposits. 

W'e feel constrained to take exception to the implication that the reason many of 
the metal-bearing beds are gray in color, as contrasted with the enclosing red strata, 
is because the copper has deoxidized such beds of their ferric iron. At Bent, for 
example, in the Tularoso, New Mexico district, the copper of the sandstone occurs 
in a gra 3 dsh-white horizon. We doubt if the most optimistic mining promoter, after 
soberly examining the ground, would assert that one-hundredth part of the exposed 
horizon is copper-bearing. Yet that sandstone horizon is as devoid of red color mile 
or more from the copper areas as it is where the copper occurs. The same condition 
holds for the ore-bearing horizon in the Sierra Nacimiento, near Cuba, N. M, In 
certain districts we have observed slight local bleaching of the rock immediately sur- 
rounding a particular nodule of sulfide or other copper mineral; but when some little 
copper-bearing lens that could not possibly yield 5 tons of native metal is saddled with 
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tlie responsibility of Lu'V'ing deoxidized one-half million cubic yards of sandstone of 
their ferric iron to the extent of changing the color from red to a iinifonn gray, wo 
incline toward skepticism of the suggested process. When a hypcj thesis irivoiving so 
extraordinary a phenomenon is set forth, an impressive mass of titdd evidence ought to 
be adduced to substantiate the contention. 

It is not our purpose to discuss the various probable origins of the different Red 
Bed deposits we have examined — ^we propose first to enlarge our observations so that 
we may speak with authoritative assurance but we do wish to register a protest 
against classifying all Red Bed deposits as a unit, and according them, commercially, 
a blanket condemnation. 

R. D. George, Boulder, Colo, (written discussion). — Dr. Finch has worked out a 
more satisfactory explanation of the occurrence of copper and other ore minerals in 
the Red Beds strata than any I have seen. But, regarding equation 6, does HoS break 
up into hydrogen and sulfur at atmospher c temperatures? I am under the impres- 
sion that it does so only at a veiy considerable heat. 

I do not know the age of the beds in which the copper carbonates and sufides 
(oxides) occur near Carrizo Creek in Baca County, but I am under the impression 
that they are of -Morrison age and do not belong in what we usually class as the Red 
Beds, though it is highly probable that they may have had a similar mode of origin. 
The silver deposits of the Lady Belle mine near Brush Creek, south of the town of 
Eagle, probably belong to the same general category. I am told that the old workings 
have recently been examined for vanadium and uranium, but with what results I do 
not know. Certainly vanadium occurs in some of the sandstones associated with the 
silver ores, but my examination was not carried far enough to determine w’hether there 
is a genetic relationship between the silver ores and the rather meager occurrences of 
vanadium as I found them, but I have been told that outside of the area in which the 
silver occurred most abundantly vanadium is more plentiful. 

J. M. Little, Bloomfield, N. J. (written discussion). — To quote from Mr. Finch: 
'‘Since the metals were derived from weathered outcrops, they w’ere transported 
cither as fragments of minerals from the zone of oxidation or as soluble salts, 
generally as sulfates.'^ “ . , . the mineral fragments from copper veins were 
mostly carbonates.” 

This theory of S 3 ’ngenetic origin of the Red Bed metal deposits has been advanced 
before. Professor Lindgren® concluded that the Red Bed copper deposits, at least in 
New Mexico, are epigenetic; that the ores are disseminations in beds chiefly, by 
selective replacement, but also in fractures and fissures, and that the fractures and 
fissures sometimes occur also in overhung and in underlying strata. If thi.s is correct 
these deposits are not sedimentary metalliferous deposits. 

I have examined Red Bed copper deposits in the Copperopolis district in the Zuni 
Mountains, New Mexico. There the mineralized portions of the beds are apparently 
where these beds are intersected by mineralized fracture zones, with mineralized 
seamlets extending below and with the long axis of the deposit along the fracture zone, 
bearing out the conclusions of Professor Lindgren. 

This would, moreover, offer an explanation as to why “there is a great vertical 
range through which beds at many horizons contain them (metals) locally,” to quote 
again from Mr. Finch. 

J. E. Spurr, New Rochelle, N. Y. (written discussion). — I have been much 
interested in this type of deposit without, as it happens, having had opportunity 
to study any of the numerous examples. I have read whatever I have found in the 

® W. Lindgren, L. C. Graton and C. H. Gordon: Ore Deposits of New Mexico. 
U. S. GeoL Survey Prof, Paper 68 (1910). 
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literature concerning it, including the discussions of Butler, Ball, and others. Mr. 
Finch's paper is the most definite presentation of the theory that these deposits are 
derived through a cycle of changes from materials originally laid down in the beds 
themselves. While I have been chary of accepting this conclusion, I am quite open 
to it and much interested in its presentation. Mr. Finch’s explanation of the final 
concentration of the metals is one to which I am predisposed, and I have cited exam- 
ples of this type of concentration in the last edition of ‘'Geology Applied to Mining.’* 

I am especially stmck by the suggestion that the vanadium in deposits of this 
type may have been derived from the plant remains in the beds. Does the anal^'sis 
of living plants of any tj’pe show the presence of vanadium, which might support 
that suggestion? I have, of course, been aware that coal and the more volatile 
hydrocarbons of the albertite type frequently contain vanadium, ])ut I have been 
inclined to suspect (also, this is of itself a conjecture) that the carbonaceous material 
has served as a precipitant to vanadium solutions. This whole subject is evidently 
wide open. All in aU this paper is a very marked contribution to the subject. 

E. S. Bastix, Chicago, 111. (wiitten discussion). — The phenomena of downward 
sulfide enrichment in most copper deposits present no fundamental chemical diffi- 
culties, since primary sulfides are present, which act as agents for the precipitation 
of secondary sulfides. In the copper deposits of the Red Beds, however, a similar 
array of sulfides has been deposited in the absence of any older sulfides which can 
be appealed to as precipitants. 

The primar}’ deposition of most sulfide ores of lead and zinc in the western United 
Stares is readily explainable through lowering of temperature and pressure in rising 
solutions of magmatic derivation in which these metals were already in balance 
with the sulfur radical. In connection with the lead and zinc deposits of the Missis- 
sippi Valley region, however — superficial in distribution and presumably also in 
origin — appeal cannot be made to falling temperature and pressure; another mecha- 
nism of precipitation must be found. 

Several observers of the copper deposits of the Red Beds and of the Mississippi 
Valley lead and zinc deposits have sought to explain the precipitation of sulfides as 
in some way connected viuth organic matter — coal or bitumen — ^prevailingly associated 
with these deposits. However, the fact that the sulfides are often found at consider- 
able distance from any known organic matter indicates that any influence exerted 
by the latter was very indirect. Whatever direct precipitating agent was operative 
has left little or no trace of its former presence. 

In this dilemma Mr. Finches appeal to a gaseous precipitating agent such as 
hydrogen sulfide is particularly alluring not only because it is chemically competent 
to precipitate most of the observed sulfides but because it is mobile and may travel 
in solution for some distance from its point of origin before reacting with soluble 
salts of the metals to precipitate metaUic sulfides. 

In the case of the Joplin- Miami lead and zinc deposits, as pointed out by both 
Siebenthal and the present writer, the presence of hydrogen sulfide today in stagnant 
waters just west of the ore deposits, and even in some of the mines, is strong pre- 
sumptive evidence that it was at least one of the agencies of sulfide precipitation. In 
a recent article, I presented evidence to show that the reduction of soluble sulfates 
through bacterial action offers a competent mechanism to account for the formation 
of the hydrogen sulfide. Since organic matter in some form is a necessary food for 
such bacteria, the prevailing association of the ore deposits with organic matter — 
coal, oil, bitumen, etc. — ^is understandable, but since the hydrogen sulfide may wander 
from its source before functioning as a precipitant the spacial association is not 
necessarily close. 


E. S. Bastin: Op, cit. 
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In the Joplin- IMiaiui region sulfate-reducing bacteria are present today in the 
waters rich in hydrogen sulfide, ju.st west of the mines, and offer partial though not 
conclusive confirmation of a bacterial hypothesis. As I pointed out in the paper 
referred to, a verification of this hypothesis in the case of the Red Beds copper deposits 
would probably be difficult, but it is possible that in connection with some of the 
deeper deposits ground water carrying hydrogen sulfide may still be present. 

W. Lindgrex, Washington, D. C. (written discussionb — I am glad to see that 
we agree in most part as to the origin of the deposits of the Red Beds. I have always 
thought that any appeal to magmatic sources is simply out of the question in regard 
to the deposits. 

One of the most interesting parts of the paper was that referring to certain chemical 
equations, some of which the author says have been verified by Dr. Ward in the 
laboratory of the Colorado School of Mines. This part deserves further elaboration 
as to the conditions under which these equations hold good. I suppose that copper 
carbonate could well be reduced by hydrogen sulfide, and, as a matter of fact, covellitc 
is a fairly frequent mineral in the oxidized zone. I suppose the conversion of calcium 
carbonate to anhydrite is a reaction that goes on in many places, and I suppose, 
also, that covellitc could be reduced to chalcocite by CH 4 , but I think a little further 
discussion of these equations w’ould not be amiss. I have a theory that the presence 
of uranium and vanadium as well as that of chromium and selenium is related to 
organic reactions, the details of which have never been worked out. It is also an 
interesting fact that the chalcocite nodules occurring in the Red Beds of Oklahoma 
contain quite a little silver, 

W. H. Emmoxs, Minneapolis, Minn. (wTitten discussion). — At the present time, 
w’hen geologic opinion trends strongly toward igneous sources to account for most 
deposits of the valuable metals, it is especially interesting to read a paper that presents 
a group of carefully worked out hypotheses to account for the origin of the widespread 
copper ores in the Red Beds of the Southwest. These ores are so different in com- 
position and environment from the normal quartz veins and similar ores with clearly 
marked magmatic affiliation that one is very naturally disposed to ascribe to them 
a different origin. The whole group of deposits, including the copper ores of the 
Red Beds type, and the uranium and vanadium ores of the Southwest, are so far 
from igneous sources and so nearly independent of ores of other common metals 
that no other hypothesis appears probable. 

The author ascribes the precipitation of the copper sulfides to the reaction of 
the copper-bearing solutions with hydrogen sulfides and suggests that the latter 
may have formed through the agency of bacteria, a process recently investigated by 
Dr. Bastin. In 1905, I examined certain deposits of this group, yielding copper and 
silver, situated on the south side of Paradox Valley, Colorado, and east of the La 
Salle Mountains. In this region on the north side of the La Salle group there is a 
spring of cold water from which hydrogen sulfide now issues rather copiously. The 
copper ores and the hj^drogen sulfide spring are remote from known outcrops of 
igneous rocks and do not seem to have any close igneous affiliations. 

The hypothesis of Dr. Finch that vanadium ores may .have originated from organic 
sources suggests an attractive problem for investigation. When I first read Spencer’s 
descriptions of the unusual lead and zinc phosphates and vanadium minerals that 
were found with bones of animals and the relics of early man at Broken Hill, Rhodesia, 
it seemed probable that the secondary vanadium minerals might have formed like 
the secondary phosphates, through the reactions of metal-bearing waters with the 
material dissolved from bones. Frank Notestein, who was investigating the geology 
and chemistry of the vanadium compounds, made analyses of bones to ascertain 



392 SEDIMEXTARY METALLIFEROUS DEPOSITS OF THE RED BEDS 


\vhether they contained vanadium, but in the limited material available to us at 
that time he obtained only negative results. It is possible that the vanadium is 
derived only from vegetable matter, as suggested by Dr. Finch. 

The source of the chromium in the vanadium deposits near PlacerviUe, Colo., 
described by Hess,^^ presents a difficult problem. Chromium is one of the least 
mobile of the metals in hot magmatic solutions. Neither is it very mobile in ground 
waters, although it does form chromates of metals in certain load deposits in ser- 
pentine. The investigation of the chemistry of the copper, vanadium and chromium 
ores and their close associates in the deposits of the Red Beds group would probably 
throw much light on the general problem of the genesis of mineral deposits. 


F. L. Hess: Op. cit. 



Geologic Factors in the Development of the Eastern 
Pennsylvania Slate Belt* 

By Charles H. Behre, jR.,t Cixcinkati, Ohio 

(New York Meeting, February, 192S; 

This paper deals with recent geologic studies in the slate belt of 
Northampton, Lehigh and Berks counties, Pennsylvania. The w’ork 
was conducted under the auspices of the Pennsylvania Topographic and 
Geologic Survey. Three years have now been spent in detailed consider- 
ation of the economic geologj" of this region. In the field, particular 
attention was paid to the bearing of geology on quarry development and 
property valuation and the object of this paper is to summarize the 
results from that viewpoint. Excellent studies of a somewhat similar 
nature have alreadj- been carried out by Bowles,^ but with the emphasis 
upon the details of quarrjnng and fabricating methods, rather than upon 
the geologic relations. 

The Northamptox-Lehigh-Berks District 
Location 

The region here discussed lies in east-central Pennsylvania and 
extends southwestward from Delaware River, on the New Jersey line, to 
the Schuylkill in north-central Berks County. It is an elongated belt 
occupjdng the northern sections of the three counties mentioned and 
lying along the southern edge of Blue Mountain. Its length is about 
50 miles and its average Tsfidth five or six, though in places it attains a 
maximum of 10 miles. 

There are no large cities in the region, but about 10 miles south are 
Reading, Allentowm, Bethlehem and Easton. Railroads serving the slate 
belt are the Delaware, Lackawanna and Western, and the Pennsylvania 
along the Delaware River, the Lehigh Valley and Central of New Jersey 
along the Lehigh, and the Pennsylvania and Philadelphia and Reading 
on the Schuylkill. In addition, two railroads — ^the Philadelphia and 
Reading and the Lehigh and New England — cut obliquely through the 
slate region to reach the more isolated communities. Transportation 
facilities are thus excellent. 

The slate deposits of these three counties are conspicuously unified, 
both economically and geologically. In general type of marketable 

* Published with the permission of the State Greologist of Pennsylvania, 

t Associate Geologist, Pennsylvania Geologic Survey, and Assistant Professor of 
Economic Geology, University of Cincinnati. 

1 OKver Bowles: The Technology of Slate. U. S. Bur. Mines Bull. 218 (1922) 1. 
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products, in the age and attitude of the slate-bearing rocks, in composi- 
tion and appearance of the slate, in quarrsdng and fabricating methods, 
and in the interlocking of the capital responsible for the development of 
the region, the slate deposits in the three counties may well be regarded 
as a single district. From the geological viewpoint this is especially true, 
for a single formation furnishes all the slate and beds are virtually con- 
tinuous across the region. 

Impoiiance 

In the production of slate Pennsylvania ranks first among the states of 
the Union. In 1926, the value of slate® produced in this state was $6,413,- 
177, about 26 per cent, greater than that of Vermont, its nearest competi- 
tor. ISTo other state had a production value in excess of $1,000,000. Of 
the total quarried and sold in Pennsylvania, less than half a million dol- 
lars’ wort.h came from outside Berks, Lehigh and Northampton counties. 
Indeed, in 1^27 there was only one other producing district in the state 
and but a single operating quarry in that district; the slate from this 
quarry is crushed for granules and flour. It may truly be said, therefore, 
that the Northampton-Lehigh-Borks region is by far the most important 
in this country. 

Slate comes on the market in various forms, the major classes being 
roofing slate, structural slate (slabs sawed and dressed to a greater or less 
degree, to be used as walls in showers and toilets, as grave vaults or as 
billiard table tops), blackboards and bulletin boards, slate employed for 
electrical insulation and school slate. Large quantities are also crushed 
and ground into granules or flour, for use in making composition roofing, 
paint, rubber and the like. The colored slates of Vermont are in special 
demand for roofing, though also largely utilized for electrical purposes. 
For the most part, Maine slate goes to electrical uses. The Virginia and 
New York output is mainly for roofing. Pennsylvania produces roofing, 
structural and electrical slate, as well as almost the entire blackboard and 
school slate supply in the United States. The great variety of products 
of the district here considered is thus obvious. In 1926, a normal year, 
there were in the region 43 producers operating about 60 quarries. 

General Geology of the District 
Stratigraphy 

The geologic map of the three counties (Fig. 1) readily explains the 
great linear extent of the slate belt. 

The productive area is underlain by the Martinsburg formation of 
upper Ordovician age. The slate belt stops to the south against the 

* For these and succeeding figures see A. T. Coons: Slate in 1926. U. S. Bur. 
Mines, Mineral Resources of the V. S. (1927). 
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earlier Ordovician limestones, one of which is the cement rock quarried at 
Bath, Xorthampton, Egs'pt, Fogelstdlle and elsewhere. These older 
rocks are brought to the surface by a northward monoclinal dip, the 
regularity of which is locally concealed by close folding and much faulting, 
chiefly of the thrust type. To the north, the slate is covered by the 
Silurian iXIedina conglomerate. These broad relationships have been 
known as early as the middle of the last century.® The more detailed 
geologic mapping has been carried on recently by B. L. iMiller' and the 
writer,® who have described the various structural details. 



Fig. 1. — Geological sketch map op the sl.^te belt op Northampton, Lehigh 
AND Bebks Counties, in eastehn Pennsylvania. 

The slate rock itself may be divided into three parts — an upper mem- 
ber, which is a slate with relatively few beds of calcareous sandstone, a 
middle member consisting largely of sandy sediments, and a lower mem- 
ber that differs in composition from the upper mainly in containing 
numerous thin siliceous bands. 

It is in the upper member that the greatest development has taken 
place. The rock of this part of the Martiosburg consists of alternate 
blue-gray (micaceous), dark gray or virtually black (carbonaceous) and 

* J. P. Lesley: Summary Descriptioa of the Geology of Pennsylvania. Pa. 2nd 
Survey (1892) 1, 543. 

* B. L. Miller: Allentown Quadrangle. Pa. Geol. Surv. Atlas, No. 206 (1924). 

» C. H. Behre, Jr.: Jrd. Geol (1926) 34, 481. Pa. Geol. Surv. Rept. M.-9 (1927). 




396 GEOLOGJC FACTORS IX DEVELOPMENT OF PENNSYLVANIA SLATE BELT 


light gray, buff-weathering (sandy) beds. As these alternating layers are 
generally not in excess of a foot in thickness, large blocks of slate that are 
free from banding or “ribbons” are not common and care must be exer- 
cised to obtain “ribbon”-free slates. For most purposes, clear stock is 
at a premium but “ribboned” slate (Fig. 2) can be used for structural 
purposes and for roofing. 

The lower member 3’ields a good grade of slate, but here the beds are 
so thin (seldom more than 3 in. thick) that it is impossible to obtain 
“unribboned” slate. Moreover, the flat cleavage surface of this slate is 
generally not absolutely smooth, the cleavage plane rising slightly as it 
crosses the more siliceous beds; this does not weaken the slate as a roofing 
material, but it differentiates it slightly from the typical slate of the 



Fig. 2. — Ribboned booping slate pbom the “soft” slate belt of Northampton 

COTJNTT:'. ClEAR SLATE IS PREFERRED. 

upper member. As the slate of the lower part of the Martinsburg 
formation contains more siliceous matter than most of the upper, it is 
frequently spoken of as “hard” slate, to distinguish it from the more 
micaceous or “soft” slate of the upper member. These terms, it should 
be understood, refer to hardness upon abrasion, not to resistance in weath- 
ering. In 1927, only three quarries were being worked in the 
lower member. 

The middle Martinsburg, although largely sandy, does in a few locali- 
ties bear a little slate that has been worked with profit. Its most valuable 
product, however, is a red and green shale, generally classed as slate, 
which is quarried and crushed or ground for paint, filler or roofing. 

The Martinsburg formation, in common with the older Ordovician 
and Cambrian rocks, suffered folding toward the close of Ordovician time; 
it was then eroded unevenly, in such a way that the upper member thins 
westward, after which the Medina conglomerate, which forms the crest of 
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Blue iMountaiu, was laid down. The effect of the erosion interval 
between the two formations has been to cause the upper member to dis- 
appear westward from Quaker City on the Berks Counly-Lehigh Count 3 ’ 
line. This is shown in Fig. 1. 


General Strnctiire 

The general structure of the region is a monocline, striking northeast 
and dipping northwest. In detail, however, there is intricate folding 
along northeast axes, and some faulting. Although the faulting is 
locally important, it is the folding particularlv- that concerns the quarry 
operator. Toward the eastern end of the region the beds have suffered 
close compression and northward overturning, the axial planes of the 
folds being almost horizontal; but westward from Wind Gap, the folds 
stand more nearh' vertical and the axial planes dip south at steep angles. 



Cleavage shows as oblique lines from upper left to lower right. The beds are 
thrown into a southerly anticline and a northerly syncline. Note dip of axial 
planes of folds to south. Compare with Fig. 8. 


This is accompanied by a change in the attitude of the cleavage. A 
typical fold of the region is shown in Fig. 3. 

The cleavage that is found in slate is the result of pressure. Whether 
it forms at right angles to the direction of maximum compression® or in 
the planes of maximum shear’’ is as yet undecided, but observers are 
agreed that cleavage develops along planes that bisect the axes of the 
folds into which the slate beds are thrown. Consequently the cleavage of 
the slate in the eastern section is close to the horizontal; in the western 
section it is more nearly vertical, standing at angles of 50® or more. 
This in turn causes some differences in the quarry methods of the two 
sections, which will he reverted to later. 


• C. K. Leith: Rock Cleavage. TJ. S. GSeol. Surv. BvU. 239 (1905) 109. 

’’ G. A. Becker: Experiments on Schistosity and Slaty Cleavage. U. S. Geol. 
Surv. BtM. 241 (1904) 11. 
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The above statemeats apply chiefly to the “ soft ” slate. The “hard ” 
slate shows almost flat cleavage planes wherever opened. 

In addition to bedding and cleavage, grain and jointing may be 
mentioned as other structural features of importance in quarrying. 
Grain is in a direction of easy parting approximately at right angles to 
cleavage; it is due to the orientation of the greatest elongation of mineral 
particles having three different dimensions. It generally has a strike of 
X. 45 W. throughout the region.* 



Fig. 4. — Stbuctubes nr a block op slate as quarried. 

Note that cleavage and grain planes are approximately at right angles. Bedding 
and joints may intersect other structures at any angles, but more commonly strike 
parallel to cleavage. 

Jointing, although not as constant in direction as cleavage or grain, 
is commonly marked by strikes of approximately N. 60 E. In certain 
places where faulting has occurred, jointing is very closely spaced and 
spoils large tonnages of slate. 

Fig. 4 illustrates these features, showing their appearance in a slate 
block as quarried. 

Application of Geology to Quarrying 
Correlation of Beds 

Only those who actually operate quarries in the “soft” belt of Lehigh 
and Northampton counties realize what a significant role is played by 
stratigraphy. The beds of the “soft” belt are divided into groups or 
“runs,” each of which is marked by one or several conspicuously thick 
beds. Each such thicker bed is readily distinguishable by its peculiar 
properties, such as color, behavior on splitting, and electric conductivity. 
As the thicker beds 3 rield clear stock in large slabs, it is preferable to open 
the quarries if possible in them, and the portions of the sequence in which 
thinner beds alternate are regarded, at worst, as waste. Exposures 
other than those of the quarries, however, are rare and so sections have to 

*C. H. Behre, Jr.: Slates of Northampton County, Pa. Jrd. Geol. (1926) 34, 
603. 
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be pieced together with care. Correlations are established by measuring 
sequences of beds, noting intervals between exceptionally thick beds and 
details of thick and ihin, light and dark bands, and b}- recognizing certain 
beds that possess unusual hardness or softness or special mineral or chem- 
ical composition. Correlation thus is not unlike that used in determining 



Ouarrt^ /2J-A Gaarfy Il8 Qeriifntf/Ue Qttarry 
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Fig. 5. — MBAStrEEMENTS of beds in three QtrARRIES, TO ILLUSTRATE CORRELATION 

METHODS. 

Distance between Quarry 121-A and Berlinsville Quarry is 3 miles along the 
strike. 


the structure of coal. Fig. 5 is a sample comparative chart showing the 
closeness of agreement between measurements of the same beds. 

Certain beds are very much preferred to others. Most of the light 
gray slate is sericitic, but chloritic beds do occur and these generally sell 
at a premium over other slate. Such chloritic rock has a faintly greenish 
cast, and splits and wears exceptionally well. Examples are the Gray 
bed of the Albion and Gray Bed “runs” and the gray bed of the Daniels- 
ville quarries (which probably corresponds to the Albion Gray bed). 
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Other slate beds are very dark and thus especially suitable for the making 
of school slate. The commonness of such nearly black beds in the quar- 
ries at Slatington has led to the building of a large school-slate industry 
near that city. Again, other things equal, the thickest beds are pre- 
ferred. Thus the upper and lower Washington big beds (which are 
respectively 33 and 25 ft. thick at Slatington) and the Franklin (two big 
beds, the upper of which is 13, the lower 16 ft. thick at Slatington), 
though both jdelding generally excellent slate, are especially valuable 
because of the large proportion of usable slate in the total quantity quar- 
ried. From the thick beds all slate produced is “ribbon ’’-less; hence the 
rough block may be trimmed wdth an eye for the greatest sizes and the 
minimum of waste. Such exceptionally thick beds are sought along their 
outcrop; if they are not readily accessible at the surface, tuimels are 
driven from vertical shafts to tap the desired big beds and to mine them 
as far as the lateral limits of the property. 

The colored slates found in Berks County in the middle member of 
the Martinsburg present a special problem. These are beds of red and 
green clay-slates in which the cleavage is not as well developed as in the 
gray slates of the region. They have been quarried at Lenhartsville 
and Greenawald, and fonnerly at Albany as well. At present a steady 
though small production is maintained at the two first-named localities. 
The brilliant colors are due chiefly to variations in the content of ferrous 
and ferric iron in a chloritic and sericitic- clay slate. The beds are con- 
tinuous along the strike and are apparently thin, lenticular deposits of 
origin similar to the gray slates. Though closely folded, such individual 
lenses can be traced along the strike for distances of four miles. Attempts 
have been made to work them for roofing slate, but without success. 

Slates of this type are known not only within the area here described, 
but westward as well. They were studied by the writer as far west as 
in the Swatara valley, midway between Hummelstown and Annville. 
Their widespread occurrence makes their development dependent more 
upon closeness to transportation than upon any other factor. 


Effect of General Structure on Quarrying and Mining 

If the beds are nearly horizontal, a large opening is likely to be made. 
In such a ease, to work a valuable bed over its full extent, operations are 
carried on first by stripping until the desired bed or beds are reached, 
and then by quarr 3 ring laterally down the dip. At Bangor, where the 
beds lie flat, stripping and subsequent large-scale quarrying are the 
methods in common use, and here the quarries opened are of exceptional 
size; examples measure 1000 by 500 ft. (Consolidated Star Quarry) and 
1200 by 500 ft. (Old Bangor opening). At Pen Argyl similarly large 
openings are made, but here the size is due mainly to the great length 
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of the quarries along the strike of the beds, the deveioping companies 
having bought up sufficient land in the earh’ operating days to enable 
considerable lateral extension without infringing upon adjacent prop- 
erties. As the beds at Pen Argyl stand nearh* vertical, great depths 
are attained, the deeper quarries reaching 600 ft. At Slatington, on 
the other hand, the beds are also nearly vertical, but show repeated 



Fig. 6. — Sectiox through Cambridge Mixe, Slatixgtox, xllustbatixg method 

OF FOIiLOWIXG A BED DOWN DIP BY SLOPE MIXIXG. 

turns at shallow depths; further, the development is intensive so that 
only smaller holdings are available along the strike of the more valuable 
beds and this has the effect of cutting down the strike length of openings. 
At the same time the valuable beds near Slatington are thicker and 
hence more sought after and there is a general prejudice against taking 
out the thinly banded slate above and below the thick beds; hence 
relatively small openings are made at the surface, resembling large 


3CUTH WORTH 

CuAfer ffmr £ry»irr Ouany 



Fig. 7. — Section thbough Custer Mine, Little Run Junction, illustrating 

BHAET APPROACH IN MINING BEDS THAT DO NOT OUTCROP. 

shafts rather than quarries, and frequently underground mining is actually 
carried on down the dip of the beds after exhaustion of that part of a 
stratum which can be removed by ordinary quarry methods. Sketch 
sections of such mining operations studied in 1927 are shown in Figs. 
6 and 7, respectively. 

At Slatington and Slatedale, many of the quarries practice a sort of 
underground mining intermediate between quarrying and room and 

VOL. 76. — 26 
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pillar mining. Where the beds have inclinations of 40“ or so, they are 
followed on the slope, the roof consisting of the more closely ribboned 
slate which is not sufficiently valuable to justify removal. Large beds 
especiall 3 ' are worked in this way. 

The advantage of underground mining in place of quarrying is 
obtuous. There is little or no ice in the winter, the temperature is 
equable, and the men can continue to work in wet weather. On the 
other hand, no effort is made to ventilate, with the result that water 
vapor, escaping steam and smoke unite to confuse the sight. In addi- 
tion, the roof must be carefuUj’ watched, as bedding planes are not infre- 
quenth' parting planes and slides may- well become dangerous. 

The Cambridge mine at Slatington, with about 300 linear feet of 
undergi’ound workings, is at present the most extensive operation of this 
tj’pe. This mine is electrically lighted. Its production supplies one 
selling company. Not far from it is the New York tunnel, a large mine, 
in which the accessible passageways alone total some 600 linear feet; 
much slate was taken out here, the chambers being opened on slight 
dips parallel to the beds. This mine is now abandoned. 

Effect of Pitch on Property Values 


Were the folding in the region wholly around axes having little or no 
pitch, the structural problems, though complicated by irregular topog- 
raphy, would stUl be relatively simple. But the folds all possess unmis- 



Fig. 8. — Sketch map showing geoeogt at qttakries nbab Etobka. 

Thrw big beds — the Klondike (aboye). Upper Star, and Lower Star (below) — 
appear in a syncline and anticline. Axial planes of the folds dip south. Compare 
with Fig, 3, which serves as a section across the strike of the structure. 

takable pitch and it is rarely indeed that there is parallelism between 
cleavage and bedding strike, as should exist with horizontal fold axes. 

The values of adjacent properties may differ widely as a result of 
the effect of pitch in removing beds. In places the inclination of the 
axis of a fold is so slight as to be not obvious on inspection, but else- 
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where ii is sufficient to cause the disappearance of a bed on one side of a 
property line, which on the other side, a hundred feet distant, was well 
developed. The map and cross-section at Eureka afford an example 
(Fig. 8). The Klondike big bed, which was quarried in the Blue Valley 
and Eureka openings, w’as completely lacking in the quarries farther 
east because of the westward pitch of the sracline. This disappearance 
of the bed took place in a horizontal distance of less than 300 ft. The 
bed in question has a thickness of 24 ft. at the fold axis; the distance 
separating the east wall of the ^Mountain quarry (where the I^ondike 
bed is last seen 25 ft. below the surface in the trough of the stmcline) 
and the west wall of the Pittston quarry (where the beds beneath the 
Klondike appear at the surface) is 240 ft.; the pitch of the fold axis 
must therefore be at least 12® and probably is more nearly 15® or 20®. 

Effect of Overburden 

A part of Eastern Pennsylvania has been repeatedly invaded by the 
Pleistocene glaciers, wuth the result that the slate is frequently covered 
with an overburden that makes quarrying expensive and dangerous. 
At Slatington, the East End quarry was sunk through 35 ft. of glacial 
drift and several quarries northwest of the towm encountered till and 



Fig. 9. — Overbtjbden at the Blub Eidge Quarries, Slatington. 

Glacial drift 30 ft. thick has been stripped well back from the quarry holes, two 
of which show in the foreground and middle distance. Cable supports and boiler 
house may be seen in far distance. 

water-laid material that necessitated careful cribbing of the opening. 
Fig. 9 shows the heavy overburden at some of the Slatington quarries, 
partly stripped back so as to lessen the danger of a slide into the hole. 
This condition holds even more generally from Pen Argyl eastward, for 
Wisconsin glaciation affected the eastern part of Northampton County, 
leaving a heavy till cover. From the general neighborhood of Lynn- 


404 GEOLOGIC EACTOiJS IX J)EVELOPSIEXT OP PEXXSTLVANIA SLATE BELT 


port ‘westward, the glacial overburden, is slight and slate is encountered 
only a short distance below the surface. Quarry owners are at times 
able to avoid the cost of stripping newly developed property by entering 
into agreements with highway contractors to furnish them with fill or 
road basing. 


Effect of Jointing on Quarrying 

This has not been adequately considered by the average owner and 
operator. The feeling apparently is that joints follow no definite systems 
and cannot be predicted. In 192.3 the writer studied two quarries in both 
of which the arrangement of joints was manifestly radial and upon this 
basis he recommended that quarrying be abandoned. The company 
operating one quarry subsequently failed and the other quarry, after 
changing hands, is being worked at a loss. Both openings were located 
in the troughs of folds whose axes lay at right angles to the monoclinal 
structure of the region; that is, these minor folds pitched northwest. It 
is apparent that transverse strains will be set up in such structures and 
these may be expected to find relief in joints whose patterns will only 
conform to the general joint patterns of the slate on the edges of the 
structure. "V^Tiere two or more joints converge, V-shaped blocks will 
break out and the three corners of such blocks will all have to be discarded 
in trimming the slate to block size; the quarrying of such triangular blocks 
is therefore very uneconomical. 

Jointing of a different type is also noticeable along fault planes. In 
several quarries, as they were sunk downward, zones were encountered 
along which movement nearly parallel to the bedding and apparently 
subsequent to the development of the cleavage had taken place. The 
Bangor Superior and Albion quarries at Pen Argyl illustrate this type of 
fault. It has also been observed in the Peach Bottom slate district in 
southern Pennsylvania and the writer believes it to be more common than 
is generally recognized. Slate quarrymen frequently speak of such fault- 
ing as a “loose ribbon,” but this term has been applied to other structures 
having a wholly different origin. When the movement took place the 
friction between the two sides opened numerous inconspicuous cracks 
which now break the slate into such small blocks that quarrying is not 
profitable for distances of 20 or 30 ft. on either side of the fault plane. 

Effect of Relation between Cleavage and Bedding 

A low opening angle between cleavage and bedding plane makes it 
possible to get a longer cleavage surface free from ribbons, as is shown 
in Fig. 10. For this reason, operations at Pen Argyl and Bangor can with 
profit be carried on in beds which are only half as great in actual thickness 
as those at Slatington, the cleavage and bedding intersecting at low 
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angles; this is especially true of the quarries in the neighborhood of 
Bangor. 

In the middle member of the Martinsburg, sandy and slaty beds 
alternate in close succession, so close, indeed, that the slaty beds are 
frequently less than an inch thick. The qiiarrring of cleavage blocks 
would under ordinary circumstances yield slate that was crossed by rib- 
bons. Locally, however, the bedding meets the cleavage at very low 



Fig. 10. — Stereogra^^ of a single slate bed, showing cleavage-bedding 

RELATIONS. 

The cleavage will bisect the opening angles of the folds. Note that at ^4 a longer 
piece of slate is obtainable along the cleavage, even though the bed is here actually 
thinner than at C or D. 

angles and hence long slabs of slate may be obtained that show no ribbons. 
At Rockdale and near Scheidy small quarries were opened where this con- 
dition exists. Unfortunately, the slate here possesses a strong tendency 
to split along cleavage as well as on bedding planes, so that the pieces 
obtained are triangular in vertical section, thinning out along the conver- 
gence of bedding and cleavage. Quarrying should not be attempted 
under these unfavorable conditions until such a time in the distant -future 
when the more easily worked and higher grade rock has been exhausted. 

Effect of Close Folding on Thickness of Beds 

Although there is a general .thickening of beds westward, this primary 
effect due to variations in deposition is not the only factor affecting the 
beds. Where compression has been intense, the slate has been squeezed 
so as to thicken and thin with regard to its position on the fold. This 
matter has been discussed elsewhere^ but it may be summarized by saying 
that, as would be expected, there is a pronounced thickening on the crests 


® C. H. Behre, Jr.: Op. cU.^ 490. 
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and in the troughs of anticlines and synclines and a corresponding thin- 
ning on the limbs, and also that in those places where differences between 
the south and north limbs of synclines are noticeable, there is a marked 
relative thinning on the south limb. 

The decrease on the south limbs of synclines was first noticed at 
Bangor. At Slatington and Slatedale, toward the western edge of the 
“soft” belt, the difference between the south and north limbs is far more 
marked. Here the quarrjTnen speak of the south limb of synclines as the 
“back pitch.” The beds on such a structure show a remarkable thinning 
on the south limb of the troughs and as this affects primarily the slaty 
beds, the sandy beds remaining more nearly constant in thickness, the 
south limbs are practically not w'orked. Near Lynnport two quarries 
have been opened in the south limbs of synclines but without success. 

Effect of Cleavage Attitude on Quarry Methods 

There is a noteworthy difference between the attitude of cleavage in 
the eastern and western parts of the district. In the east, at Bangor and 
Pen Argyl, the cleavage is more nearly horizontal, the average dip in 
20 quarries selected at random being 18°. At Slatington the dip is far 
steeper; in 20 quarries from this region the average is 56°. 

The effect of this is to change quarry methods. At Bangor and Pen 
Argyl the flat cleavage surfaces admit of the use of channelling machines; 
not only is it not complicated to run the channeller on a track, but the 
blow is downward and gravity assists it. In the Slatington region, how- 
ever, the channeller can only be called into use in rather exceptional 
locations. Here it is not uncommonly employed in the sumps of the 
openings or in taking out the key block. But very much of the work is 
done by drilling, because the drill can more easily be mounted so as to 
drive horizontally. Parenthetically it may be added that considerably 
more powder is used here than at Pen Argyl and Bangor. 

Relation of “Curl” to Pitch 

In many places the slate shows a feature called “curl” by the quarry- 
men. This consists of cracks or very small discontinuous joints that cut 
the cleavage surfaces of the slate along lines the traces of which are gen- 
erally more or less at right angles to the cleavage dip. Microscopically 
examined, these fracture planes are seen to be due to the crinkling and 
breaking of cleavage planes, as Dale^”, and earlier writers have pointed 
out. They were therefore developed subsequently to that reorientation 
of the mineral particles which is the cause of cleavage, and their presence 
indicates the occurrence of a period of renewed strain in the slate. 

T. Nelson Dale and others: Slate in the United States. U. S. Geol. Surv. Bull 
586 ( 1914 ) 37 . 
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Certain conditions are exceptionally favorable to the development 
of “curl:” 

1. T^Tiere thin beds of slate alternate with beds of sandstone, fold- 
ing induces drag of the slate by the more rigid sandstone; the slate, 
unlike the shale of which it was originally composed, j-ields to strain 
of this tj'pe as a nonplastic medium and the cleavage is wrinkled and 
finally broken. 

2. If strong folding takes place, after the slate has developed cleav- 
age, the slate is broken as indicated, even though there be no drag by 
more rigid layers. In such cases the strikes of the ''‘curl” planes and 
of the cleavage are parallel. 

3. In the development of pitching troughs, (or crests) there is con- 
siderable movement between the beds. In the axis of the trough (or 
crest) the strain caused by this differential movement is parallel to the 
grain or cleavage and the stress is relieved to a large extent along these 
directions by the mineral elasticity of the slate; but anywhere else in 
the fold the movement is oblique to grain and cleavage (which are, 
respectively, at right angles and parallel to the axial plane of the fold); 
this oblique stress expresses itself by wrinkling the cleavage at an angle 
to the cleavage strike. 

The latter cause is especially important and doubtless accounts for 
much of the “curl” in quarries like the Custer and East End at Slating- 
ton. “Curl” is especially common in the region from Danielsville 
west. Not all slate affected by it is worthless, but care must be taken 
in the use of “curly” slate for a roofing slate affected by it may split 
after laying in such a way as to intersect the nail holes and it then may 
fall from the roof. 

General Improvements in Quarry Practice 

As a result of geologic field studies, four recommendations looking 
toward a greater return on slate quarrying may be made. 

Core Drilling 

Core drilling is the only method by which the slate operator, no 
matter how experienced, may assure himself of the favorableness of 
stratigraphic and structural conditions before opening. Drilling should 
be carefully carried out, the cost being regarded as a legitimate expendi- 
ture comparable to development work in a mining operation. In the 
Slatington district, where close folding makes the underground structure 
irregular and where it is desired especially to open only certain excep- 
tionally thick beds, it is more generally practiced than elsewhere in the 
slate region (Pig. 11). As recently pointed out by Bowles, it may 

0. Bowles: Recent Progress in Slate Technology. U. S. Bur. Mines Rept. of 
InvesUgaiions No. 2766 (1926) 6. 
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sen-e another purpose, for drilled holes sometimes facilitate the drainage 
of quarries. 

In the Slatington district, shot drilling has been the form most gen- 
erally resorted to. One or two among the experienced slate operators 
have from time to time contracted to drill exploratory holes on land of 
which the development was contemplated, thus carrjdng on a very useful 
type of consulting work. 



Fig. 11. — ^Explobatiox for .a. big bed by core drilling, Slatington. 

The writer has found that, thanks to the constancy in their direc- 
tion, grain and cleavage combined may be used to roughly orient drill 
cores if they become turned in pulling. In the district here considered, 
cleavage is known generally to dip south and grain to trend about 
N. 45 W. Given these two directions, therefore, the attitude of the 
bedding can readily be determined in any given core. 

Scientific Quarry Valuation 

Very little has been done in the slate quarries, either in Pennsylvania 
or elsewhere in the United States, in developing methods for quarry 
valuation. In advance of development, valuation contains a strongly 
speculative element, but after the opening has been made, certain reason- 
able assumptions are admissible for postulating definite quantities of 
available slate. Such estimates should consider the following factors: 

1. Total quantity of clear stock available, computed on the basis of a 
reasonable working depth. 

2. Total quantity of ribboned stock available, on the same assump- 
tion. 

3. Loss due to waste, taking into account irregularities in cleavage 
and jointing. 
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4. Loss incidental to operation, taking into account metkod of 
opening (i. e., whether by drilling, loosening with powder, or channelling) 
and waste in trimming blocks to proper size. 

5. Special factors enhancing the value, such as the use of certain 
beds for electrical or blackboard purposes. 

Cost Accounting 

No quarries can be successfully operated over long periods of time 
without accurate cost-accounting methods. These are especially 
essential in fixing the price at which the slate is to be sold. Business 
management thus becomes a necessary perquisite to successful quarr^dng. 
Not only does cost accounting give the final dependable criterion upon 
which to base the price of the product, but it is often the deciding factor 
in determining which of two alternative quarry methods is to be followed. 

Conservatism in Opening Xew Quarries 

On the whole, there is a tendency toward conservative development 
in the slate district. But anyone well acquainted with the industry 
must realize that it is at present more nearly over than underdeveloped. 
For that reason, caution is advisable. The extensive opening of new 



Fig. 12. — Quabries at Slatedale, Lehigh Countf. 

Of five openings shown here in a row, only two are now being worked. Note the 
piles of waste slate. 

properties is to be discouraged rather than otherwise. It is believed 
that quarries in the “hard'' belt, which yields only roofing slate and 
very limited classes of structural slate, will generally operate at a dis- 
advantage in comparison with those of the “soft" belt, because there 
is so little opportunity to utilize material not suitable for roofing. It 
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is true that the capital expenditure is less in ''hard'' belt operations, 
because the "soft" belt mill must be equipped with trimming, planing 
and dressing machiner^.^; but these costs are at least equalled, if not 
overbalanced by the sale of mill products* Those sections in the "soft" 
belt where operations have been unsuccessful in the past, due to relatively 
poor slate, might better be left untouched until such time as the more 
readily quarried and more advantageously sold material is nearer exhaus- 
tion. The situation in slate quarrying recapitulates that in copper and 
iron mining, in which, until relatively recently, only the higher grade 
deposits have been worked; as supplies go down and demand up, 
not only will the better grades of slate bring a higher price, but the 
insistence of a large class of consumers upon a cheaper product will 
permit the sa\dng of much material of a sort that at present is discarded 
as waste (Fig. 12) because too closely "ribboned." The analogy would 
apply yet more strictly were it not true that there is no dearth what- 
ever of slate and that the exhaustion of the higher grade material is not 
even faintly in sight. 

DISCUSSION 

G. R. !M-iXsriELD, "Washington, D. C. — To what extent has the operation of the 
slate mine been controlled in the past by geologic work? Has any quarry actually 
been laid out on the basis of geologic work? 

C. H. Behre, Jr. — T he Amalgamated Slate Corpn. is doing that for the first time. 
There has been indkect control always, because the slate men themselves are quite 
canny; they get on a certain bed and stay on that bed as best they can. Frequently 
that is done by guess. There has, however, in the last 15 years, been a great deal of 
core drilling among the slate men. This drilling is carried on with considerable care 
and frequently a quarry operation is abandoned simply because it is known, after core 
drilling, that the operators cannot get the bed they want. Usually it is the older 
hands who have “learned by hard knocks'' who refuse to accept the use of geology; 
the younger ones are gradually coming to recognize its value. 

0. Bowles, Washington, D. C. — Professor Behre has worked for several years on 
the study of geology in the slate district and his work is outstanding m its practical 
application. It is the only real geological work of which the practical application has 
been emphasized, but we aU know that it is difficult to make the operators profit by 
this information. It is a process of slow education. 

D. Focht, Easton, Pa. (written discussion). — Mr. Behre says, quite truly, that 
there is considerable difference between quarry methods of the Bangor-Pen Argyl 
region (east) and the Blatington region (west) on account of the large difference in 
the angle of cleavage. In the Bangor-Pen Argyl district the track channeler and 
more recently the wire saw (which was introduced in 1926, and has been installed 
in several of the Pen Argyl quarries during the past year) are found to be the most 
satisfactory devices for cutting the quarry. Tn the Slatington region, however, 
drilling and broaching methods are used to the best advantage. 

The cleavage planes of the Bangor-Pen Argyl region dip at gentle angles in most 
quarries, and therefore allow the track channeler to be set up without much bracing; 
the machine, which moves on a track under its own power when cutting, can easily 
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move back and forth along the cut without an elaborate system of counterweights, or 
some other external source of power, which would be necessary to puli the carriage up a 
steeply pitching cleavage plane. The blow is of the hammer type, and, as Mr. Behre 
points out, grandly assists in the almost dii*ectly downwani blow. The track channeier 
under very good conditions will cut about 7 sq. ft. per hour. An average cut is 18 ft. 
long ])y 8 ft. deep. Its main objections are the slow .speed of cutting, the expense to 
operate and maintain, and the damage it does to rock adjacent to the cut. 

* The track channeier is being quickly supplanted by the wire saw, but never will 
be entirely supplanted; in the best equipped quarries, use may .still be found for the 
channeier for short cuts. 

The wire saw is also very adaptable to the flat cleavage. Here, core holes 36 in. in 
diameter have to be drilled at either end of the proposed cut. A shot core-drilling 
outfit especially developed by the Ingersoll-Eand Co. has proved i^est suited for this 
purpose. These core holes may be set 100 ft. apart (longer cuts have been made with 
varying success). Posts or standards anchored in these holes are equipped with a 
guide pulley, which may be lowered to the bottom of the hole by means of a screw. 
An endless three-strand wire passes through the pulleys, which are gradually lowered 
as the cut progresses. 

Sand and water are fed to the cut. A cut 100 ft, long and 10 it. deep has been 
finished in 4S hr. after the outfit is set up, for an average cutting speed of about 20 
sq. ft. per hour. The wire saw has the added advantage of not destroying any rock. 
However, it has limiting factors in its use. The core drill, as it is at present, cannot cut 
at an angle greater than 30^ from the vertical The saw must also cut at an angle 
less than the horizontal angle, and therefore cannot cut in a horizontal plane, on 
account of the feed of sand and water which is necessary' to cutting. With thepresent 
core drill, horizontal holes cannot be put in. The machine is not required to meet 
these difiSculties in the Bangor-Pen Argyl region, but in the Slatington region it would 
be called upon to meet them. 

At Slatington we have, as ^Ir. Behre say’s, a cleavage angle of about oO® against 
an average of 20° for the region to the east. Besides this, the nature of the bedding 
has caused a different operation altogether from that followed at Pen Argyd, where 
the quarries resemble large shafts with more or less vertical sides. In the Slatington 
region, however, tunnels or mines are the general practice, which follow the various 
big beds characteristic of the region. At the Genuine Washington quarry’, at Berlins- 
ville, we have a typical example of the operations in this district. Here we quarry- 
slate from the two Washington beds which lie about 18 ft. apart, narrow ribbon beds 
intervening, which we remove with the main beds. These beds run horizontally for 
a short distance and then pitch downward at a gradual angle. In order to remove 
the slate in solid blocks, the roof and one side of the quarry (the east) should be cut. 
This is necessary’ also as a measure of safety in order to have a good solid roof for the 
tunnel. For this cutting we have found that drilling and broaching give the best 
results. In the first place, the quarry^ bar upon which we mount the drills is light and 
easily moved to the difficult positions which are necessitated by the steeply dipping 
cleavage. The drill giving the best service at present is of the reciprocating piston 
ty’pe; it is manufactured by the Sullivan Machinery Co. and classed as the Hj^speed 
FL3 rock drilL With this drill we can put in 27 holes 8 ft. deep in 15 hr. ; the broach- 
ing requires an additional 9 hr., which gives us a cutting speed of about 4 sq. ft. per 
hour. This is very slow, but the portability of the drill makes it faster than any other 
practical method. 

We use a 1%-m. hollow drill steel sharpened with an X bit SJ^-in. dia. for a starter. 
A set of drills comprises three lengths. The broachers are 4 by in. with a cutting 
edge of 43^ by 13^ in. containing 10 teeth, and conforming to the drills in length. 
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The four tunnels at this quarry require three drills in constant operation and at times 
it is nccossaiy to put on a fourth in order to keep ahead with the cutting. 

The of the track channeler is out of the question. In the first place, it is a 
heavy inacliinc, aTul could not be moved around to the difficult positions and set-ups 
necessary withotit false work and auxiliary hoists. These would interfere with the 
removal of blocks from the tunnels, as they would be in the wa 3 ^ At the angles at 
which the cutter head w’ould have to operate, the cutting would probably be slower 
than with the present method. 

The wire saw, of course, is faster, but the core drill is also a heavy macHne and 
could not be operated on the steep cleavage planes, as the maximum angle at which it 
can be operated is 30^ from the verticaL The saw itself would hardly operate on a 
horizontal cut, as the feed of water and sand would not be effective. Nevertheless, 
under conditions where the bedding is dipping downward sufiGLcientlj' to allow the core 
drill to operate and the cutting effect of the sand to be at a maximum, the wire saw 
could be used with much profit. In the Slatington region, where the conditions are 
lacking, the wire saw in its present stage of development cannot well be used. 



Clay Prospecting and Mining in California 

By tv. F. Dietrich,* Stanford Uni^'ErsitY; Calif. 

(Los Angeles Meeting, September, 192S) 

This paper deals with the methods of mining the high-grade clays of 
California. The fact that the majority of the clay pits in the state are 
operated on a scale that is small by comparison with most metal mines 
causes a diversit^^ of methods and gives rise to problems of selection of 
the method best suited to given conditions. Two or three operators in 
California produce approximately 500 tons per day of a single kind of 
clay from a single pit. About five varieties of clay are mined on a scale 
of 200 to 400 tons per day; not over 15 varieties are mined on a scale of 
50 to 200 tons per day; and more than 50 varieties are mined at the rate 
of less than 50 tons per day. 

It is the aim of this paper to delimit, as far as the data at hand permit, 
the conditions and scale of operations that favor the selection of each 
dominant method of mining that is actually being applied at Cali- 
fornia properties. 

Details of the occurrence and utilization of the clays of California 
have been given in a recent bulletin^ and will not be considered here. 

Geographical and Geological Features of California Clay 

Deposits 

The greater part of the high-grade clays consumed by clay-working 
plants in California is mined from one of three producing areas in the 
state: (1) Lincoln, Placer County, on the eastern edge of the Sacramento 
valley, 30 miles northeast of Sacramento; (2) lone, Amador County, 
in the foothills of the Sierra Nevada, 38 miles northeast of Stockton, and 
12 miles west of Jackson, one of the important towns of the famous 
Mother Lode gold-mining district; and (3) Alberhill, Riverside County, 
90 miles southeast of Los Angeles. 

Other districts of minor importance .are near Cardiff and Carlsbad, 
San Diego County, and El Toro and San Juan Capistrano, Orange 
County. In addition, there are a number of isolated properties in various 
parts of the state. 

* Associate Professor of Mining Engineering, Stanford University, Cahf. 

1 W. F. Dietrich: The Clay Resource and the Ceramic Industry of California. 
Cal. State Div, of Mines and Mining, BuU, 99 (1928). 
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LiTicoln District 

The days of the Lincoln district occur in flat-lying beds aggregating 
over 100 ft. in thickness. These are continuous and are exceptionally 
uniform in quality over areas of several hundred acres, and the over- 
burden is less than 12 ft. thick over most of the district. At present, 
these clays are being exploited on a scale of several hundred tons per day 
by each of three different companies, one of which. Gladding, McBean 
Co., has a large manufacturing plant on a site adjoining the clay pits. 
The Claj’ Corporation of California, a subsidiary of the Stockton 
Fire Brick Co., produces clay for the parent company’s plants and sells 
claj' to other manufacturers. The Lincoln Clay Products Co. is an 
independent producer, having no plants of its own. 

At all three properties, the occurrence of clay in large and uniform 
beds and the scale of production are such that power-shovel mining has 
been adopted. At the property of the Lincoln Clay Products Co., 
stripping is removed with a power shovel, but the clay itself is now being 
mined by hand. 

The clays from the Lincoln district are used mainly in the manu- 
facture of architectural terra cotta, firebrick, faience tile, and stoneware. 
Broadlj’’ considered, they may be classed as buff-burning refractory bond 
clays. The total production from the district is about 100,000 to 
120,000 tons each year. 


lone District 

The clays of this district occur in deposits of Eocene age scattered 
through a belt about 10 miles long and 2 miles wide. Starkweather and 
Bacon are the important operators in the district. They carry on a 
general clay-mining business from pits owned or leased by themselves, 
or act as contract miners for other properties. Two of the important 
firebrick manufacturers operate their own mines in the district. There 
are several smaller independent operators. 

There are about 16 active pits or underground mines in the district, 
from some of which more than one variety of clay is mined. The produc- 
tion from each pit is relatively small, and only four of them are consist- 
ently mined on a scale in excess of 50 tons per day during the working 
season. These larger properties are mined by power shovels. The 
smaller pits are mined by hand or scraper methods, unless the overburden 
is too thick, in which case underground methods are employed. At 
one or two of the pits, a power scraper is used, and the clay is loaded into 
auto trucks through the customary trap door arrangement. At the 
smaller pits, the equipment is meager, and in general the clay is loaded 
by hand shoveling into small auto trucks, for transport to the nearest 
railroad siding. 
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The lone clays are mainly refractory sands containing from 15 to 25 
per cent, of fireclay. There are also a number of important varieties of 
plastic fireclay of exceptional quality, and some face-brick clays. A clat'- 
washing plant has recently been installed and produces a washed clay of 
good quality. The total production of sand and clay from the district 
is over 75,000 tons per year, about half df which is .sold independentlj’ by 
Starkweather and Bacon. 


Alberhill District 

The Alberhill claj'S occur in an area in the Temescal Valley about 12 
miles long and 2 miles wide. The general trend of the valley is northwest- 
soiitheast. The town of Corona is at the northern extremity of the 
workable deposits, and Alberhill is near the southern end. Clays are 
found on the side slopes of the adjacent mountain ranges, especially 
that on the east, as well as on the vallet* floor itself. The clays are of 
Eocene age. 

Clay-mining conditions in the district are characterized by the neces- 
sity of mining specified tonnages of each of over 30 difierent varieties of 
clay, from deposits that are in general iia-egular in shape and size and lack 
homogeneity. On the other hand, each of the operating companies 
produces a sufficiently large tonnage to warrant the maintenance of 
adequate equipment for all needs; and furthermore, the operations of 
each company are centralized within a radius of not over one mile from 
the manufacturing plant or railroad loading bins to which the clay is 
delivered. Thus the problems of transfer of material, of transportation 
and of supervision are greatly simplified, as compared to the conditions 
that are typical of the lone district. 

The extreme irregularity of the individual beds, and their variations 
of dip, render power-shovel mining impracticable at some properties, 
but at the Emsco pit, between Corona and Alberhill, and at some of the 
pits on the floor of the valley at Alberhill, conditions are favorable for 
the use of small gasoline-driven shovels. 

Most of the deposits, with the exceptions noted, are mined by hand, 
in open pits, glory holes, or by undergroimd methods. In the open pits, 
the clay may be loaded directly by hand into motor trucks, or into 
wheelbarrows dumped into loading chutes from which trucks are loaded. 

The Alberhill Coal & Clay Co., the largest independent operator in 
the district, has found it necessary to use underground methods to a 
greater extent than have the other operators, mainly because it is pre- 
pared to supply any reasonable quantities of each of some 32 different 
varieties of clay, as called for by customers. As a consequence of the 
rough topographic environment and the irregularity of the company’s 
deposits, it has been necessary to follow some of the beds beneath the 
surface. Glory-hole mining has been wisely employed at a number of 
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places on the propertj’’. E,oom-and-pillar mining is also used, and wher- 
ever possible the clay is broken down into chutes from which it can bo 
withdrawn by gravity. - 

The clays of the Alberhill district include many white, buff and red- 
buming varieties, of use in the manufacture of firebrick, face brick, 
terra cotta, stoneware, earthenware and other products. The refractory 
and face-brick clays are the most important. The total production from 
the district probably exceeds 100,000 tons per year. Reliable statistics 
are lacking. 

Cardiff -Carlsbad District 

This area contains numerous varieties of refractory and face-brick 
clays of Eocene and Pleistocene age. Individual deposits are scattered 
over a considerable area, and practically all are owned or leased by 
manufacturing companies of the Los Angeles district. One of the 
properties is mined at the rate of 150 tons or more per day, and a power 
shovel is used. The output from other properties is less, and hand or 
scraper methods are used. The annual production of high-grade clay 
from the district is about 30,000 tons, all of which is consumed in the 
Los Angeles district. 

Southern Orange County 

Near El Toro, and at other points in southeastern Orange County, 
are important deposits of fireclay of exceptional quality. The known 
deposits are controlled by various manufacturers of clay products of 
Los Angeles, but some varieties are obtainable on the market. Both 
surface and underground mining methods are used. The total output of 
high-grade clay from this part of Orange County is now close to 20,000 
tons per year, mainly from two separate deposits. 

Prospecting 

Up to the last few years, comparatively little systematic prospecting 
of the clay deposits of California has been needed. The clays outcropped 
on the surface, and a superficial examination, with the aid of a few test 
pits or open cuts, served to demonstrate the existence of a deposit of 
siiflELcient size and uniformity to justify commercial operations. With 
the growth of the industry, the consolidation of smaller companies into 
larger units, and the impending exhaustion of some of the more easily 
workable deposits, there has been a rush on the part of many of the 
larger companies to acquire clay lands for future use. This has given 
rise to more careful prospecting than was required in the past, and in all 

* For a detailed description of the property as of 1923, see J. H. Hill: Clay Deposits 
of the Alberhill Coal & Clay Co. CaJifomia State Mineralogist’s Rept. (1923) 19, 185. 
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of the principal districts of the state, systematic prospecting by drill 
holes or by test pits has been employed. 

Where the niaxiniiuu depth to be drilled does not exceed 30 ft., and 
wlierc the physical nature of the formations permits, hand augers are 
favored. In the lone district, in places where the overburden is not too 
indurated and is free from large rock fragments, one man can drill 30 to 
50 ft. of hole per day, to average depths of 20 ft. Under such conditions, 
the extremely low cost of drilling greatly favors the method by compari- 
son with open-cut or test -pit work, unless it is desired to secure large 
samples for testing. 

The preferred type of prospecting drill for average depths in excess of 
30 ft. and in hard formations is a portable gasoline-driven core drill, 
using a toothed cutting head of steel. These rigs can be easily hauled 
from hole to hole by a light tractor or a team, and are strong enough to 
drill holes up to 4 in. dia. to depths of 200 ft. in the formations iisualb^ 
encountered at clay properties. The cost of such work is about SI per 
foot of hole. 

Where a capping of volcanic rock or other indurated material is 
present, and where the holes must be drilled to average depths of 100 to 
300 ft., a heavier rig, involving a combination of rotary and churn 
drilling, is convenient. 

Whatever the method of drilling, the disposition of the samples 
must be carefully considered. It should be obvious that the expense of 
prospect drilling is such that the operator is not justified in losing the 
opportunity of securing all pertinent information that may be available; 
yet, in a few instances, it has been noted that samples have been care- 
lessly sacked and labeled, and stored unsystematically without making 
adequate notes in the drill logs, or attempting to accurately classify and 
map the kind of clay disclosed. Many drill logs merely state that the 
clay is ^^blue,” ‘^yellow,” or “white,’’ in color, and is “sandy,” “plastic,” 
“hard,” or “soft,” in structure or texture. Of course, such reports are 
found only where the operators have been interested in finding one par- 
ticular kind of material and have deliberately neglected other formations, 
yet it would seem that ample provision should always be made to secure 
complete records of all formations penetrated by the drill, so that attempts 
may be made to utilize all materials that overlie or immediately underlie 
the principal commercial bed. The least that can be done is to keep 
accurate depth logs of all holes, and to save suitable portions of all cores 
obtained, filing these so that they can be referred to readily. 

In a number of investigations of clay land undertaken in recent years 
in California, very complete geological, engineering, and ceramic data 
have been taken, and the reports of those in charge have been as thorough 
and complete as the reports of the best metal-mine examinations. In 
the Lincoln district, the most important criteria of the value of a given 
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varie.ty of clay are chemical analysis and softening temperature (pyro- 
metric cone equivalent) ; hence these determinations are made on all core 
samples. The results, when plotted in plan and section, serve to delimit 
the boundaries of the various commercial varieties of clay. 

At Alberhill, on account of the numerous varieties of commercial 
clay, an adequate prospecting campaign must provide for complete 
preliminary clay tests.® Here the important criteria are shrinkage, 
fired color, fired porosity, softening temperature and plasticity. Chemical 
analysis is of relatively little value. The fired data need not be taken 
at many different temperatures if the clays are to be used in plants 
belonging to the company sponsoring the prospecting work, but should 
be done at the temperatures typical of the various products for which the 
clay might be adapted. Clay producers with a general market would 
be justified in having more complete tests made, so that they may classify 
each variety of clay more accurately for the benefit of customers who 
desire clays with specifically defined properties. In aU cases, the labora- 
tory test data on the most important varieties of clay should be followed 
by semieommercial tests under the conditions prevailing in plants where 
the cla5’’ might find use. 

Due to the expense of the tests outlined, there is a tendency to rely 
upon visual and tactual observations. These are warranted for the 
preliminary classification of all of the less important varieties of clay, or 
for remote parts of the mining area. But the core samples should always 
be systematically preserved, so that they may be available for fur- 
ther investigation. 

Open-pit Mining Methods 

The open-pit mining methods in use in CaKfornia clay mines consist 
of various combinations of the following methods of loosening, loading, 
transportation and dumping: 

Loosening; None 

Hand picking 

Hand anger drilling, followed by blasting 
Plow 

Loading; Hand shoveling 

Scraper: Horse-drawn 
Tractor-drawn 
Drag-line 
Power shovel 

Pit transportation: None. Loaded directly into auto trucks or care 
"Wheelbarrows 
Mine or industrial care 
Auto trucks 
(Scrapers) 

* For standard testing methods, see Jnl. Am. Cer. Soc. (1928) 11 , 335-534; par- 
ticularly 448 ei seq. 



W. F- DIETRICH 


419 


Loading for trans- None. Hauled direct from pit to plant or railroad 
portation to plant Hand shoveled from platform 
or railroad: Gra\’ity deliver5’ from chute or bin 

Belt conveyor delivery from hopper 
Transportation to Same vehicle as in pit 
plant or railroad: Auto trucks 

Industrial railroad: Hand tramming 
Horse tramming 
Locomotive haulage 
Hope haulage . 

Loosening 

Drilling and blasting are necessary at most pits mined by hand 
methods, but are seldom required where the clay is mined by power 
shovels. When drilling is required, hand augers are in general use. The 
holes are usually drilled into the toes of the banks, rather than from the 
tops of the benches. Where drilling is required as a systematic part of 
the mining method, at pits where hand mining or scraper work is used, 
the holes are placed at intervals of 2.5 to 3 ft. and are usually from 4 to 6 
ft. deep. One man can drill and blast about 100 ft. of hole per shift. 
Blasting at most pits is done with low-grade dynamite, usually No. 2 
stumping powder, using cap and fuse firing. 

Plows are used at only a few pits, where clay or overburden lies in a 
nearly flat, comparatively thin layer, too tough to be mined without 
loosening. More use is found for the plow in common clay pits than at 
the high-grade pits. For outputs over 50 tons per day, it is generally 
economical to use light tractors, rather than horses, to draw the plows. 

Loading 

Hand shoveling is used at all pits where the output is small and 
irregular, where hand sorting or selective mining is required, where the 
deposit is thin, or where other conditions mitigate against mechanical 
methods. In general, outputs less than 30 tons per day, deposits less 
than 4 ft. thick, working seasons of less than three months, most cases of 
irregular geologic structure, and all cases requiring hand sorting, favor 
hand mining. 

Scrapers, usually of the Fresno type, are used in mining flat deposits 
that have sufficient vertical homogeneity to permit the mining of succes- 
sive thin horizontal layers without disturbing the uniformity of the 
product, and where the daily and seasonal output are large enough to 
warrant the purchase and maintenance of equipment. Generally, if more 
than 30 tons and less than 100 tons are to be mined each day, scraper 
methods will be applied if other conditions are favorable. Horse-drawn 
scrapers are little used, as the operating cost of a small tractor is less than 
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for the equivalent animal power, and maintenance costs arc low. While 
conditions usually favor the tractor-drawn scraper rather than the drap;- 
line type, the latter is popular at many pits, especially where common 
cla 3 ' or shale is being mined. At one common-brick plant, a clamshell 
excavator is used. 

Xumerous power shovels are in use. These are aU of the revolving 
tj'pe and have a dipper capacitj’ of :?8 to cu. yd. A caterpillar-type 
gasohnc shovel of yd. dipper capacity costs $6000 to $9000, and can 
excavate up to 500 tons per shift, if operated continuously. Gasoline 
(distillate) is the preferred fuel, but steam (oil-fired) shovels are in use at a 
few pits, and an electric shovel has been applied in at least one locality. 
Although, in one instance, a power shovel is used for a daily output of but 
50 tons, the minimum output that will, in general, justify the purchase 
and operation of a shovel is nearer to 150 tons per day, for a working 
season of at least four months, and an expected life of at least five years. 
Where a second-hand shovel can be obtained at a bargain, or where one 
shovel can be used at two or more adjacent pits during the season, these 
limitations can obviously be more liberal. If a shovel is on hand, its 
use is justified for outputs in excess of 50 to 75 tons per day. For all 
outputs under 150 tons per day, no pitman or fireman is ordinarily 
needed for the operation of the small shovels in general use. 

The Hogger shovel, a simple device mounted on a Fordson tractor, is 
being given a trial by one company, and the outcome is being awaited with 
interest. This shovel can bo purchased for $1400, and under favorable 
conditions it will load 150 tons per shift. 

Pit Transportation 

The selection of the method of pit transportation depends primarily 
on the method of loosening and loading; also, the distance of the pit from 
the plant or from a standard-gage railroad connection. Where the clay is 
to be transported by rail to the -point of use, it is sometimes possible to 
use spur tracks on the pit floor, which will permit direct loading of cars at 
the pit face. 

In many cases, auto trucks of various sizes are loaded directly on the 
pit floor, by any of the loading methods already discussed. Many 
different arrangements are found in practice, some of which indicate 
questionable engineering judgment. For example, at one pit a tractor- 
drawn scraper was in use, for delivering the clay into a small hopper from 
which a 1-ton truck could be loaded. The pit crew consisted of three 
men, exclusive of the truck driver. The hopper held barely more than 
one truck load, and the trip to the railroad siding was 5 miles each way. 
Although there was some stripping to be done, and occasional drilling 
and blasting, the pit crew was idle for 50 to 65 per cent, of the working 
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day. The daily output, at best, was 15 tons, at a loral cost, delivered to 
the railroad, of approximately §2.50 per ton, exclusive of stripping. This 
was a case where the pit was or|uipped for producing several times nior<^ 
clay per day than was required. It would have bc^en possible to remove 
the stripping at the beginning of the season by contract to local owners 
of scraper equipment. The clay could then have been mined by hand 
shovel and wheelbarrow work, dumping into a 1-ton or 2-ton loading 
hopper from which the truck could have been filled. The wages of one 
man and the cost of operating the gasoline tractor-scraper wmuld have 
been eliminated, making the unit cost approximately §2 per ton, exclusive 
of stripping. If the desired output exceeded 30 tons per day, the scraper 
system would be preferred, as the number and size of trucks could be 
increased to the point where the scraper would be in practically continu- 
ous operation. 

At a number of pits, light trucks have proved economical for direct 
transportation from pit face to a central dumping point, in preference to 
mine or industrial railroads. Two examples of what w^ould seem to be 
sound practice follow. At one pit, from w'hich about 25 tons per day 
were being mined, a 1-ton truck was loaded by hand shoveling at the 
face, w-hich Tvas less than 100 yd. from a railroad siding. Three men were 
employed, including the truck driver, and there was no more idle time 
than was necessary for rest periods. At a Southern California pit, 
several miles from the railroad loading point, and at a considerable 
elevation above the adjacent vaUey floor, a gasoline shovel was used to 
load 1-ton trucks, which delivered the clay to a loading chute at the 
mouth of the pit, about from the face. From this chute, larger 

trucks were loaded by gravity for the haul to the railroad. The daily 
output of 200 tons required three men in the pit crew, and two trucks, a 
total of five men, to deliver the clay to the transfer chute. The capacity 
could have been doubled whenever necessary by adding more trucks. 
A foreman supervised all operations, including the trucking and shipping. 
Charging half his wages to the pit, the direct labor cost was about 14 c. 
per ton for mining. Allowing for shovel and truck operation and mainte- 
nance, the total mining cost did not exceed 30 c. per ton, delivered to the 
transfer chute. 

Wheelbarrow work finds its customary place in the clay pits for small- 
scale work, for delivering clay from the face to loading chutes or platforms 
not more than 160 or 200 ft. from the working face. For greater distances, 
or for large outputs, other methods of pit transportation are preferable, 
such as mine cars or industrial railroads. A great variety of methods are 
in use, including hand tramming of small mine cars, horse tramming of 
industrial cars, gasoline or electric iocomotive haulage, and wire-rope 
haulage. No great divergences were noted from the practices familiar 
to metal-mine operators. 
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Loading Arrangements 

At some pits, the clay is loaded at the face into railroad cars or plant 
bins, but in most instances the pit haulage system is separate from the 
auto truck or railroad that is used to transport the clay to the point of 
use. In such cases, suitable transfer arrangements are needed. 

There is a tendency to slight the importance of suitable storage 
capacity, with the result that pit operations must be closely synchronized 
with the transportation system, or with plant requirements. At some 
pits, there is no storage whatsoever between the pit and the main trans- 
portation system. It would seem that in most cases less time would be 
lost in the pits, and the transportation system would be more efficiently 
operated, if the pit equipment delivered the clay to a storage bin at least 
large enough to hold a single transportation unit. In many cases noted, 
the pit w’as idle, except for minor activities, whenever a railroad car or 
auto truck was not available into which the clay could be loaded. It is 
true that the cost of a bin is not always justified, especially if a bucket 
elevator or belt conveyor must be used to transfer the clay from the 
ground level to the top of the bin, but careful consideration will usually 
permit the selection of a site upon which a relatively cheap bin with 
suitable approaches can be built. This is particularly true in those 
districts where the prevailing topography is hilly, as at lone and Alberhill. 

In addition to the lack of storage capacity, another possible source of 
inefficiency at a number of pits is the use of a flat loading platform instead 
of a gravity chute for loading raihoad cars. During the summer months 
most of the loading is done by dumping the trucks or wheelbarrows 
directly into gondola cars, from a platform having a hinged apron which 
is dropped inside the car. During winter months, and at other times 
when box-car transport is desired, box cars are loaded by hand shoveling 
and wheelbarrow work from flat platforms at the level of the car doors. 
For winter storage, large open-sided sheds enclose the loading platforms. 
The storage pile is built up by the trucks, with the aid of hand spreading, 
without mechanical conveying systems. On the open side along the 
railroad track, a dry wall is built up of lump clay to retain the storage 
pile. While this arrangement permits ample storage capacity at moder- 
ate expense, it involves an additional handling cost, by comparison with 
a gravity loading system. The present (August, 1928) contract price for 
hand loading box cars from a platform is 20 to 25 c. per ton. Since the 
cars are filled only to a height of 40 in., leaving a clearance of nearly 4 
ft. to the tops of the doors, it should be possible to devise a simple and 
efficient portable conveyor system, which would save at least 10 c. per 
ton over present costs. Only one such device was noted in practice. 
This consists of two portable conveyors, one of which is placed inside 
the box car and receives its load from the other conveyor, which is fed 
by shovel and wheelbarrow work. The entire apparatus cost less than 
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$1000. Operating costs are not available, but a comparison of labor 
cost may be made from tbe fact that a five-man crew drills, blasts and 
loads 100 tons ( 2 cars) of clay in three days. 

Surface versus Uxdergrouxd Mixing 

The criteria of choice between surface and underground mini n g in 
the clay pits of California have not been definitely established. In most 
cases, the decision has been made without the benefit of accurate cost 
comparisons, and without considering the conservation of clay for the 
future. As a result, wide variations of practice are to be found. There 
is a tendency, however, to use glory-hole or underground methods wher- 
ever the thickness of the capping exceeds the thickness of the beds to 
be mined. This would indicate that the cost of underground mining, 
after due consideration of the value of clay left in pillars, is approximately 
twice that of surface mining, per ton of material handled. 

In the lone district it is generally believed that underground mining 
of sand beds 12 to 16 ft. thick should be used whenever the thickness of 
the capping exceeds 8 to 10 ft. Royalty leases at a flat rate per ton for 
a period of time shorter than that required to mine out the easily accessi- 
ble clay have been largely responsible for this condition. A contributing 
factor has been the intensive competition for market, with resultant low 
selling prices for clay and sand. The result has been that no operator 
could make a profit unless he almost totally disregarded the future. 
On surface operations, the permanent damage from following this 
policy is slight. At the worst, future costs will be but slightly increased, 
owing to the necessity for rehandling stripping that was dumped on clay 
land, the recleaning of abandoned faces, and the irregularity of pit faces 
left by present-day gophering practices; but there will be no great loss of 
clay, whereas in the underground mines practically all of the clay left in 
the pillars, amounting to 25 to 40 per cent, of the original deposit, will be 
absolutely lost by admixture with capping. 

Criticism of the operators who have been responsible for this condition 
in the past is not warranted. Clay was so plentiful and so easily recover- 
able that no profit could be made unless selling prices were reduced to 
the lowest possible figure. It is probable that the end of this phase is at 
hand. In the lone district, and elsewhere in California, it is unlikely 
that the discovery of new sources of supply will more than compensate 
for the annual tonnages mined. The more important known resources 
are now controlled by large organizations, able to give the clay-mining 
problem careful consideration with the view of obtaining the maximum 
net profit from the property. Although the principles that apply to 
this problem are well known to mining engineers, they are so pertinent 
to the future of clay mining in California that a numerical example does 
not seem out of place here. 
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Let it be required to find the thickness of capping that can be stripped 
economically from a clay (or sand) deposit 16 ft. thick. The deposit 
contains 200,000 tons of clay that might be recoverable by surface 
methods. The annual production of clay is to be 10,000 tons, at the 
rate of 100 tons per day, and a shovel with a capacity of % cu. yd. is to 
be used. The cost of remoiung overburden and providing dump areas 
is 30 c. per ton. The cost of mining and delivering to the pit mouth by 
shovel, in conjunction with a suitable method of haulage, is 30 c. per ton. 
The cost of mining by underground methods, with the aid of a mechanical 
loading machine, is 45 c. per ton, delivered at the pit mouth. Miscel- 
laneous costs by either method, including 10 c. per ton royalty, amount 
to 65 e. per ton delivered into railroad cars. With underground methods, 
30 per cent, of the clay must be left in pillars. The selhng price of the 
clay is assumed to be $1.25 per ton. 

Under these conditions, the life of the property is 20 years if mined by 
open-pit methods, or 14 years if mined by underground methods. The 
net operating profit by open-pit methods is 

$1.25 — (.$0.30 -f $0.66) = $0.30 per ton, exclusive of stripping. 

By underground methods, total costs are $1.10 per ton, leaving $0.15 
per ton as net operating profit. At 8 per cent, interest, the present value 
of recoverable clay is $29,454 if mined by surface methods, or $12,366 
if mined by underground methods. The difference between these, or 
$17,088, is available for removing stripping, if the surface method is used. 
This is equivalent to an annuity of $1740 for 20 years, which, at 30 c. per 
ton, would pay for the removal of 116,000 tons of capping, or 58 per cent, 
of the clay available. In other words, if the capping is 9)^ ft. thick over 
a deposit 16 ft. thick, the two methods would jdeld an equal net profit. 
There are, of course, certain refinements which may be introduced into 
these calculations whenever the basic data are sufficiently reliable, or the 
margin of difference small enough to warrant them. 

It is ob-vious that the economic ratio of capping to clay is increased by 
(1) greater net operating profit by both methods; (2) greater cost differ- 
ential in favor of the open-pit method; (3) lower mining extraction by the 
underground method; (4) shorter life of property without increasing 
amortization costs, and (5) lower assumed rate of interest. Taking the 
foregoing problem as an example, in which it was found that the limiting 
ratio was 0.58 tons of capping per ton of clay, and varying one factor at 
a time, leaving all others as in the original problem, the effect of each 
variable is indicated in the following: 

1. If the selling price were $1.75 per ton, 0.85 tons of capping could 
be mined per ton of clay. 

2. If the net operating profit by the underground method were 
$0.10 per ton, the limiting ratio would be 0.72. 
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3. If the underground mining extraction were 60 per cent., the ratio 
would be 0.62. 

4. If the life of the property were 10 years by open-pit mining (and 7 
years by underground mining), the ratio would be 0.61. ■ 

5. If the assumed rate of interest were 6 per cent., the ratio would 
be 0.60. 

Glory-hole Mixing 

The glory-hole method has been extensively used ai Alberhill, espe- 
cially on the property of the Alberhill Coal & Clay Co., where the com- 
paratively rough topography tends to favor the method by comparison 
with others. The method is applied under a wide range of conditions. 
Even in places where there is no overburden, topographic conditions may 
favor a glory hole, as a low-level tunnel can often be driven at small cost 
and mine ears can be cheaply loaded by gravity. Where nhe overburden 
is too thick to be economically stripped, an underground glory-hole 
system has found favor. Pillars are left at interi-als to support the 
capping. On account of the complexity of geologic structure, and the 
irregularity of individual clay beds, the method can seldom be applied 
in a systematic manner at Alberhill, and costs vary widely from place 
to place. 

Underground Mining Methods 
Room-and-pillar Mining 

Room-and-piUar mining, with round piUars, is the favorite under- 
ground method in use in California when underground mining becomes 
necessary. The size of the rooms and the thickness of the pillars depend 
on local conditions. In the lone district, the method has been extensively 
applied to the mining of the lone sand, which occurs in beds from 12 to 
20 ft. thick, overlaid by variable thicknesses of volcanic breccia. At 
some properties, the thickness of the capping is such that surface methods 
are uneconomical. The sand is then mined by driving parallel tunnels 
at intervals of 25 to 30 ft. These are connected by crosscuts at the same 
spacing as the drifts. All openings are then enlarged both vertically 
and horizontally as much as possible without causing collapse of the roof. 
Rounded piUars from 8 to 15 ft. thick are thus left, at intervals of 25 to 
30 ft. from center to center. In most instances in the lone district, the 
openings are made large enough at the outset to accommodate auto trucks 
or wagons, which are loaded at the face by hand shoveling. In a few 
instances in this district, and elsewhere in the state, wheelbarrows or 
mine cars have been preferred. 

The direct recovery of sand by this method, after robbing the pillars 
as much as is practicable, scarcely exceeds 60 per cent, of the total 



426 


CLAY PKOSPECTIXG AKD MINIXG IN CALIFORNIA 


available. There has been such an abundance of sand available in the 
lone district that there has been little incentive up to the present to 
improve extraction, if it involves increased cost per ton of sand. In a 
fev instances, the desire to decrease direct mining costs has led to exces- 
sive pillar robbing near the main entries, causing early collapse of the 
roof, which prevented access to sand at farther points until new haulage- 
ways could be driven. 

The result of these mining policies over a number of years has led to 
the irrecoverable loss of considerable quantities of sand and has so seri- 
ously disturbed large areas of potential worth that the cost of opening 
these for future mining has been greatly increased. It is a pleasure to 
note that the necessity for conservation and systematic mining with the 
long-time "view is being recognized in the district, and considerable 
improvement will undoubtedly be made in all future mining operations. 
On the other hand, it is unlikely that any real progress can be made 
unless higher prices can be obtained or larger outputs marketed. 

The most obvious change of method that can be proposed for a 
property of long prospective life and steady production is the systematic 
layout of rooms in blocks of definite limits, to be mined as a unit. 
Development work should proceed to the far limits of the block before 
active mining is begun. Then the pillars can be cut back either by 
retreating from the boundaries, allowing the cut-back areas to cave 
naturally, or else by blasting. Some recovery of sand from the pillars 
can be expected, even after they are blasted down and the roof is caved. 
The use of underground shoveling machines is undoubtedly warranted 
at all properties producing more than 100 tons per day for four months 
of the year. 

In heu of the round-piUar method, it may be more satisfactory in 
some cases to use a drift or crosscut retreat method, as the direct loss of 
sand is usually less for the same degree of safety. 

Other Underground Methods 

Various modifications of room-and-pillar mining are in use, other 
than the round-pillar method abeady described. Of these, drift-retreat- 
ing has found favor. In this method, as apphed to flat-lying deposits 
up to 12 ft. thick, parallel drifts, usually about 5 by 7 ft. in section, are 
driven at intervals of 20 to 30 ft. to the working limit of the deposit. 
Loading is usually by hand into mine cars. Timber support may be 
necessary in places. The retreat is made by slabbing to the roof, and 
slicing a cut from each side of the drift pillar. An extraction of 75 per 
cent, or more can usually be obtained before the back becomes dangerous. 
The method is flexible in that the pillar support can be readily adjusted 
to conform to the strength of the back, and, if desired, a row of posts 
can be used alongside the tramming drift to support the back while 
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practically all of the clay is being mined from the pillars, the method 
then grading into an open-stope method, in which systematic timbering 
is used instead of pillars for support. This method is favored when the 
unit value of the clay justifies the extra mining cost entailed in obtaining 
practically complete extraction. 

Where systematic timbering is used instead of pillars, the cheaper 
grades of round timber, from 6 to 12 in. dia., are generally satisfactory 
for temporary support. Posts are placed at regular intervals, usually 
5 ft. center to center, and large headblocks are used. Framed tunnel 
sets, of first-quality timber, are often necessary in the haulageways that 
must be maintained through weak ground. 

Where topographic conditions are favorable to a low-level tunnel 
entry, it is good practice to maintain a separate haulage level 10 to 20 
ft. below the clay bed, to permit gi'avity loading of haulage vehicles 
through raises connecting with the floor of the clay bed. Mine operators 
will readily appreciate the factors that must be considered in determining 
the most economical spacing of the transfer raises. 

Summary and Conclusions 

1. The development of systematic methods for prospecting and mining 
clay in California has been hampered by various factors, chief among 
which are the following: 

a. Abundance of clay, leading to 

(1) Low prices 

(2) Severe competition. 

(3) Lack of incentive to conservation of future supplies. 

b. Relatively small scale of niany individual operations, which 
imposes a serious limitation on the money that may be spent for 
equipment. 

c. Irregular occurrence of clay, and a multiplicity of varieties, in 
some districts. This factor is in opposition to the abundance of 
clay, and is partly responsible for the relatively small scale of 

. individual operations. 

d. Uncertain market, caused by 

(1) Fluctuations in building activities from year to year. 

(2) Risk of new discovery by a competitor of similar or better 
clays than those in use. 

(3) Fickleness of architectural modes. A given product, such as 
roofing tile, may be immensely popular one year and little 
in demand the next year. 

e. Royalty-lease operation of many properties. Short-term leases 
discourage expenditure for equipment; long-term leases where 
clay is plentiful encourage haphazard mining. 
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2. More attention will be paid in the future to systematic prospecting 
and mining, designed to secure the highest net return from a given 
property, some of the controlling factors being: 

a. The larger manufacturers of clay products can now see a definite 

limit to the supply of cheaply obtainable clay from California 
sources. More properties are being acquired by purchase, 
leaving fewer to be operated under royalty-lease. 

b. Consolidation of manufacturing interests into larger gi'oups has 

favored large-scale mining, has minimized competition, and has 
tended to stabilize the market; or at any rate has permitted a 
more accurate estimate of future requirements. 

3. With respect to prospecting methods, shallow open cuts and test 
pits at irregular intervals are giving way to systematic drilling. Where 
the formations are soft and depths do not exceed 30 ft., hand augers are 
satisfactory. For more severe conditions, power-driven core drills are 
preferred. 

4. Open-pit mining is generally preferable to underground mining if 
the thickness of the overburden is less than that of the clay; but where 
the clay has very low unit value, underground mining may be more 
economical if the ratio of stripping to clay exceeds 0.6. 

5. In open-pit mines, hand shoveling is suitable for outputs of less 
than 30 tons per day. Scrapers are in use for outputs of 15 to 100 tons 
per day but are best adapted for outputs of 30 to 100 tons per day. 
Small revolving power shovels are preferred for outputs exceeding 100 
tons per day, but if a new shovel must be bought for a property of 
short prospective life, a much higher daily output is necessary to justify 
the expenditure. 

6. If underground mining is necessary, economic conditions seldom 
warrant the use of timber in lieu of pUlars for support of excavations. 
From 25 to 40 per cent, of the clay is left in pillars and is generally unavail- 
able for future mining. 

7. Bins with drawing-off chutes are needed at a number of loading 
points, to replace simple platforms from which railroad cars are loaded. 
An eflScient device is especially needed for loading box cars, this being 
now done almost exclusively by hand, at a cost of approximately 20 c. 
per ton. 

DISCUSSION 

W. McClintock, Los Angel®, Calif. — ^Prof®sor Dietrich has given a very com- 
plete and interesting accotmt of the manner in which prospecting and mining is done in 
the various clay-producing districts of California. There is not much that can be 
added by way of discussion except to bring out a little more in detail some of the points 
he has touched upon. 

Clay deposits are usually discovered by observation of outcrops which, however, 
are apt to be more or less indistinct. The best time to look for these outcrops is 
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during the winter rains or immediately thereafter, as the rain washes away the loose 
soil which covers the outcrops and leaves the clay formation exposed. However, it is 
injt always necessary to find outcrops in order to get aji idea that clay beds may exist, 
Tiie overlying formation may indicate that there is clay underneath as well. 

For preliminary prospecting, the best method, as Professor Dietrich states, is to 
use a hand auger, although this cannot be used to depths over 20 to 30 ft, depending on 
the character of the ground. If no clay is found, we generally conclude that even 
if clay does exist it will be too deep to mine advantageously by open-pit methods and 
the prospecting is abandoned. If, however, for any reason it is desired to go further, 
a power drill must be used or a shaft may be sunk in what seems to be the most 
favorable point to test the formation. 

In determining value of clays found in prospecting, drying and burning tests are 
the only satisfactory guide. The clay is crushed in the laboratory and made up into 
small test pieces, 4 to 6 in. long, enough water being added to permit proper molding. 
These pieces are dried and fired in a small furnace and the results observed. Burning 
must be done to certain specified temperatures which will approximate the tempera- 
tures to be employed in firing the wares for which the clays wiU be used. It is 
usually desirable to fire trial pieces to several difiPerent temperatures in order to get 
the range of temperatures within which it is possible to use the clay; that is, we should 
know the minimum temperature at which the clay is completely burned and the 
maximum temperature to which it can be subjected without fusing. These limits 
for a given clay constitute what is called its burning range. 

In making these tests, drying shrinkage and burning shrinkage should be carefully 
noted as well as color, tendency to crack or warp and any other factors which affect 
the use of clay in practical operations. Chemical analyses, as a rule, are of little 
practical value, except in the case of fireclays where we want to know, in the first 
place, the alumina contents of the clay, and in the second place, the percentages of 
other impurities, especially iron and alkaKes. 

Professor Dietrich says that in the ease of the sands of the lone district, where 
underground mining methods are used, the pillars are permanently lost. In mining 
Southern CaHfomia clays, this is not the case. Where underground mining is resorted 
to, the highest grade clays always are taken out and these are usually overlaid with 
other clays of lower grade. The latter may be mined later on by open-pit methods, 
and in such cases the pillars of the old underground mines are then reclaimed. As an 
example of this, in the early days the Douglass mine of Pacific Clay Products was 
mined as an underground mine with a recovery of around 50 per cent, of the clay. A 
few years ago, it was changed to an open-pit mine and two strata of overlying clays 
were utilized; also, all of the clay left in the pillars has been mined. 

The cost of mining has been considerably more than would have been the case if 
the mine had been laid out and operated as an open-pit mine from the beginning. 

One point might be noted — ^that in a number of cases, owners of ground containing 
possible clay deposits have retarded prospecting by asking exorbitant royalties. In 
the various eastern districts of the United States, where operations are on a royalty 
basis, the rates, as far as I am familiar with them, run from 5 to 15 c. per ton. In 
California, the rates paid have averaged considerably above this figure and, added to 
the high cost of transportation from the mines to the plants, if the latter are close to 
market, this has made the cost of clay in Southern California plants excessively 
high. If plants are located at the clay mines, the finished ware has to be transported 
to market, so that the cost enters in in the same way. If owners of clay-bearing lands 
would take a more reasonable view of the royalty question, it would undoubtedly 
stimulate clay prospecting. 



Mining and Preparation of St. Peter Sandstone in Arkansas* 

Bt D. D. DuNKiN,t GmoN, Abk. 

(New York Meeting, February, 1928) 

Sandstone has been prepared for glassmaking purposes, and marketed 
from the White River Valley in Arkansas at Guion, Izard County, since 
about 1910— soon after the completion of the White River Branch of the 
Missouri Pacific R. R. Co. Until 1921, operations were somewhat 
spasmodic and ended in many failures. In that year a plant was built by 
the Silica Products Co., Inc., and since that time the operation has been 
continuous and steady. 

The land is held under leases, covering about 30 square miles of the 
best sandstone adjacent to the railroad. Most of the product is shipped 
to glassmakers. 

Geology 

The St. Peter sandstone is rather widely distributed in north central 
Arkansas and is exposed most prominently in outcrops along the slopes 
of the White River Valley and its tributaries that form the division between 
the Boston Mountains to the south and the Salem Plateau of the Ozarks 
to the north. It is of Ordovician age and is generally underlaid by Cotter 
dolomite and capped by Plattin limestone, except in the vicinity of 
Bellefonte and Everton. At those places, it is a massive cross-bedded, 
laminated, saccharoidal sandstone; underlying it is the Everton limestone 
and overlying it, the Joachim magnesium limestone.^ 

The sandstone at Everton contains numerous phosphatic pebbles 
and inclusions of sandy limestone. The irregularity of cross-section, the 
evidence of sorting action and the phosphatic pebbles appear to be 
indications of secondary deposition. 

The St. Peter sandstone occurs as a massive formation in the pictur- 
esque bluffs along the White River Valley from near the eastern escarp- 
ment of the uplift northwestward into the Ozarks. The exposure shows 
a series of gentle anticlinal and synclinal folds. The greatest thickness 
is at the southeastern end, where it is over lOO ft. in many places. It thins 
out to the north and west and then to isolated and scattered deposits 
which cap the ridges and mountains of the Ozarks. 

* Outlimng a rather radical departure from approved methods of drilling, placing 
holes, and blasting. 

t President, Silica Products Co., Inc. 

^ U. S. Geol. Survey Folio 202: Harrison-Eureka Springs. 
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The sandstone is saccharoidal and is either white or cream-colored. 
The grains are small and well rounded and of nearly pure silica. This is 
also characteristic of the St. Peter sandstone found at Pacific and Klon- 
dike, Mo., and at Ottawa, 111. The binder holding the grains together 
consists of clay and lime and is more frail than the grains. The glass 
sands of Pennsylvania, Maryland and West Virginia are in the Oriskany 
formation of the Ordovician age. The grains of the Oriskany are small 
and angular and the binder is siliceous. The Oriskany carries rutile, 
but the St. Peter has comparatively little. 

The character of the St. Peter sandstone in Arkansas varies markedly 
even in short distances. Where it stands out in relief, without cover, the 



Fig. 1. — Ripple m:.4.rks. The hand is placed to show the growth op the deposit. 

presence of many impurities is indicated. The better sandstone is pro- 
tected from rapid erosion only by the overlying limestone cap. Faulting, 
with considerable movement, is in marked evidence. The grain size, 
texture, and hardness of the rock is variable in any vertical section. 

Where the deposit is suitable for commercial use it is massive and 
there are few cracks, fissures or seams. Water does not easily penetrate 
the deposit, though the sand is damp, as is evidenced by springs at the 
contact of the overlying limestone. 

The St. Peter sandstone is generally accepted as a wind deposit, 
though this has been disputed. There are many markers at Guion that 
would indicate a water deposit. In working the deposit at Guion there is 
a vast difference between horizontal and vertical sections. The roof and 
floor of the mine follow very distinct lines of cleavage and the vertical 
sections show none. The roof and floor remain parallel. There are a 
few very distinct horizontal markers, such as color, grain size and bands. 
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There are very few ripple marks, though Fig. 1 would seem to show them. 
The hardness and cleavage vary in any vertical section. The boulders 
produced by blasting can be broken only by means of a wedge, and this 



Fio. 2 . — Shows hobizontal makkees and absence op any vbbtical marker. 


along a horizontal plane of the boulder as it was in situ, j^ong this 
plane, even in thin strips, the rock will bend and show considerable 
deflection before breaking. 



Fra. 3. — A . persistent horizontal marker of nNiroRM coarse grain. There 

MtrST HAVE BEEN STRONG SORTING ACTION AT TIME OF DEPOSITION, AS IT IS COM- 
PARATIVELY FREE FROM FINE GRAINS SMALLER THAN 65 MESH. 


The results of chemical and physical tests on samples from the old 
quarry face at Guion, which is 80 ft. high, are shown in Table 1. 
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Table 1. — Tests on Samples of Sandstone from Quarry Face at Guion 

Chemical Analyses 



Peb 

Cent. 


Per 

Cent. 

SiHca (SiOa) 

98.90 

to 

99.61 

Alumina (AI 2 O 3 ) 

0.62 

to 

0.21 

Ferric oxide (Fe 203 ) 

0.04 

to 

0.02 

Lime (CaO) 

0.42 

to 

0.08 

Undetermined 

0.02 

to 

0.08 


100.00 


100.00 

Sieve Analyses, on 

Tyler Standard Screens 




Per 


Per 


Cent. 


Cent. 

On 28 mesh (0.589 mm.) 

0.2 

to 

1.2 

Through 28 and on 35 (0.417 mm.) 

9.47 

to 

21.0 

Through 35 and on 65 (0.208 mm.) 

30.20 

to 

31.2 

Through 65 and on 100 (0.147 mm.) 

31.52 

to 

10.0 

Through 100 

17.61 

to 

7.5 


In -glass-sand practice, fines arc defined as grains that will pass 
through a 100-mesh screen. .All above 5 per cent, are objectionable for 
glassmaking; the fines making seedy glass as well as being carried over by 
the draft to choke the checker work of the regenerators. The fines carry 
the bulk of the ^purities. 

Causes for Change from Quarrying to Mining 

Specifications for glass sand have become more strict on account of 
new machines for making window glass, and the placing of the manufac- 
ture under technical control. Keen competition has also had its effect. 
In addition to chemical purity, maidmum and minimum grain sizes and 
grading from coarse to fine are important. "An ideal sand would be 
through 48 mesh (0.295 mm.) and on 58 mesh (0.223 mm.).” (Pebble.) 

A good glass sand, in addition to being pure, will pass through 28 mesh 
(0.589 mm.) with not over 5 per cent, through 100 mesh (0.147 mm.) 
with uniformity of grain size from shipment to shipment. Still further, 
the specifications of some users call for 60 to 80 per cent, retained on 65 
mesh (0.208 mm.) with graduation in grain size uniform from shipment 
to shipment. 

These more strict requirements demand more careful preparation, 
and in order to continue with the quarry meant that the fines must be 
eliminated by some method. Fine screening was found to be a very 
difficult problem and also very inefficient. None of the reputable screen- 
makers cared to give any guarantees when screening was finer than 60 
mesh. -All tests showed that the elimination of 15 per cent, of fines meant 
the loss of 15 per cent, or more of coarser material. Without the handling 
charge, the loss alone would increase the cost about 50 per cent. 

VOL. 76. — 2B 
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To obtain a sand to meet the specifications outlined, it was necessary 
to start a systematic campaign of sampling on vertical sections of all 
deposits available to the railroad. The best results were obtained from 
the samples taken in the old quarry. Here, down from the top of the 
deposit 12 ft., a seam 16 ft. thick was found, which was uniform and 
persistent. The average chemical and sieve analyses of the seam are 
given in Table 2. 


Table 2. — Analyses of Sandstone Seam in Old Quarry 


Chemical Analysis 


Per Cent. 


Silica (Si02) 99.38 

Alumina (AloOs) 0.57 

Ferric oxide (Fe20 3) 0.028 

Lime (CaO) 0.01 

Undetermined 0.012 


Sieve Analysis 


On 28 mesh 

Through 28 mesh and on 35 

Through 35 and on 48 

Through 48 and on 65 

Through 65 and on 100 

Through 100 


100.00 


Per Cent. 
1.2 
20.00 
29.10 
31.2 
10.0 
8.5 


Mining Methods 


100.00 


In order to get the sand from this seam, it was necessary to resort to 
mining. The entrance to the mine is by tunnel, the bottom of which is 
20 ft. above the present quarry floor. The tunnel was placed to permit 
the grade to favor the loads and to provide natural drainage. 

The general scheme leaves about 60 per cent, of the sandstone in the 
mine as pillars to support the roof. The tunnel, or drift, was driven 
straight in, 16 ft. high by 40 ft. wide. As in coal mining, rooms are turned 
off this tunnel every 100 ft., the turn being narrower than room width; 
corresponding to the room neck in coal mining. This neck is about 25 
ft. wide at the beginning and gradually widens to 40 ft. The rooms are 
connected by crosscuts which are 35 ft. wide and are 80 ft. apart. The 
mine has natural ventilation and numerous exits. A convenient bend 
in the mountain permits the rooms or drifts to be driven to the outside. 

There is a definite floor, to which all shots break. This floor is very 
hard and smooth, much like an artificial floor, though there are some 
undulations; it is composed of extremely fine sand grains, and particular 
care is used not to break into it. The roof follows a very definite line of 
cleavage; it is very smooth and much like the ceiling of a dwelling. 
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Drilling and Blasting 

The drill used is the Waugh 93 jackhammer, with air by-pass; desig- 
nated as ^^soft-ground hammer.^’ The ordinary jackhammer, piston 
drill, or water Leyner drill is not adapted for this work because the binder 
is more frail than the grain, the grains are not pulverized and are of suffi- 
cient size to muck the steel. These types were all tried and discarded. 
Then a twist steel with an ordinary bull bit was used. It was better than 
the other drills -but was not rapid enough. The rotation of the drill 
angered the cuttings from the hole. 



Fig. 4. — ^AREAlfrGEMBNT OP HOLES AND ORDER OF FIRING. TOP AND BOTTOM 
HOLES DO NOT LOOK DOWN OR TIP. SiDE OR WALL HOLES LOOK OUT OR GRIP 6 TO 
8 INCHES. 

The Denver Rock Drill Mfg. Co. assisted in working out this problem 
with twist drill steel and later brought out the Waugh 93 with air by-pass. 
With this drill it is essential to have a needle with a large hole and a large 
hole in the hollow steel. The steel in use is % hexagon hollow steel with 
rose bit. The longest steel is 12 ft. and the gage is 1.5 in. The changes 
are every 2 ft., the gage enlarging by one-eighth. 

The drill is operated by using the hammer for a few seconds, pressing 
a button, which stops the hammer, and by-passing the air around the 
hammer and down the hollow steel, blowing cuttings from the hole. 

No breaks are maintained in room or drift. All holes are drilled 
straight into the face and all holes are 12 ft. deep. The holes next the 
pillar walls are gripped from 6 to 8 in. in 12 ft. Fig. 5 shows arrange- 
ment of holes and the order of firing. The top holes are drilled parallel 
with the roof and about 6 in. below it. The same method of drilling and 
placing is used for the bottom holes. None of the holes are squibbed to 
make a pocket for additional dynamite. The first few holes fired have 
from one to three sticks of 60 per cent, gelatin dynamite in the back of 
the hole. The remainder of the hole is loaded with 40 per cent, 
extra gelatin. 





436 MINING AND PREPARATION OF SANDSTONE IN ARKANSAS 


Holes 1 and 2 are fired first and make sufficient break to relieve Nos. 
3, 4, o and 6. All the holes arc fired with fuse and in rotation. No. 8 
tlotonators are used. This round of holes yields from 400 to 500 tons of 
sand. If the steel Is full length and the holes are fully 12 ft. deep, the 
tonnage is from 500 to 625 tons of sand. Little or no seeondary or 
boulder popping is necessar^^. 



Fig. o. — Face of drift ready for doadino. Note absence of breaks and 
BUTTS from former SHOTS; 12-PT. TAMPING POLE, AND HOLES NUMBERED IN ORDER 
OP FIRING. 

The average for a year showed 0.77 lb. dynamite to the ton of sand. 
At the beginning of this year a heading was carried at the top of the drift, 
about 6 ft. high, and the rest was lifted as a stope. There was the extra 
expense of mucking out for the driller so that the dynamite used early in 
the year was 1.05 lb. to the ton of sand. By carefully measuring the 



Fig. 6. — Cleaning up drift; loading into 2-ton bottom-dump Timken roller- 

bearing CARS. 

drift, spotting all holes and using extra precautions to get all the holes 
parallel, the dynamite now used is 0.42 lb. per ton of sand. - 

This method of placing holes and shooting has the advantage of not 
shooting into pillars, because all shots are away from pillars. The roof 
is not “burned” and full of pot holes and the floor is very level. All pil- 
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lars have vertical walls and an absence of talus accumulations. In all, it 
is about as ideal a mine as could be imagined. After two years of experi- 
ence, there is no weakening of the pillars and, if anything, they are much 
larger than necessary. It is not the intention to change them until more 
years of experience can be used as a guide. 

The method of drilling is unique, as no post or mounting of any kind 
is used. The top of the adjustable horse is a 12-in. board with the broad 
side up. The drill is laid on the board, with the driller sitting behind 
and advancing the drill with his feet. 

Usually two men operate the driU, though at times, after all the steel 
has been brought to the working face and pipe lines and connections 
made, each takes a drill to operate. One man has drilled 420 ft. of hole 



Fig. 7. — Deillbe at woek; this is only mounting used poe any holes. Inteh- 

MEDIATE HOLES AEE DEILLED FBOM ADJUSTABLE HORSES. 

on a shift, each hole being 12 ft. deep. The average drilling is about 240 
ft. per shift of 8 hours. 

This method of placing holes is a veiy radical departure from all 
approved methods, especially in getting the first break. 

Order of Operations 

The sandstone is shoveled into 2-ton, bottom-dump cars, two men 
to the car. All cars are equipped with Timken roller bearings. The 
track gage in the mine is 3 ft. The length of the car inside is 7 ft. and the 
width at the top is 41 in. The height of the car above the rail is 43 in. 
The distance between axles is 20 in. This makes a long low car and favors 
the shovelers. The grade in favor of the loads makes it necessary to 
equip aU cars with brakes. The shovelers run their own cars to the stor- 
age hm outside the mine, leading a mule to the bin and using the mule to 
pull the empty back to the face. The storage bin is 100 ft. long and the 
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track extends its full length, thus permitting dumping anywhere in 
this distance. 

The sand is removed from this storage by a hoe-type drag. The drag 
was designed by the company and is built at the plant . It operates below 
the track used for the dumping of the sand. The sand is dragged into a 
tram car and hoisted up an incline to the mill storage bin. The car auto- 
matically dumps into storage at the mill. Two men, one operating a 
Joplin-type drag hoist and the other a Joplin-type hoist, elevate 450 
tons of sand per day. 

From mill storage, the sand is fed to a 16-in. Blake-type crusher, 
thence to elevator and to 30-ft. American Process-type rotary dryer. 
The setting and design of the dryer has been altered from the original 



Fig. 8, — Storage bin at entrance to mine; note second opening at left. 


design. The dryer is level instead of being on a pitch. To cause the 
sand to pass through, a series of wings are riveted to the shelves. These 
wings are in two sets placed 180° apart and shaped so that the sand falling 
or sliding on to them strikes an angle of 45°, causing the sand to be 
advanced. With this arrangement, the dryer at 9 r.p.m. handles 40 
to 45 tons per hour. The dryer is oil-fired and complete combustion is 
obtained in the dutch-oven combustion chamber, so that only the prod- 
ucts of combustion are used to dry the sand. From the dryer the sand 
is elevated and sent to two trommels in series, each 4 by 9 ft. 

There is enough oversize in the sand to keep the screens from blinding, 
even though these screens deliver a product that is all through 28 mesh 
(Tyler standard screen scale). The oversize passes to a small set of 
Cornish rolls and is returned to the screens. The throughs are elevated 
and sent to the grader, which removes the fines so that a product can be 
guaranteed to contain less than 5 per cent, of them. The fines pass to 
waste and the finished sand goes to storage bins. 
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Railroad cars are carefully cleaned and paper-lined. Sand is loaded 
into them from storage bins by means of chutes, the storage being high 
enough to allow the sand to flow by gravity. 

Steam is used as the prime mover. A common slide-valve engine 
drives the mill and a compound steam two-stage compressor supplies air 
for the drills. 

The Sand Grader 

The Silica Products Co., Inc., worked on the problem of fine screening 
for several years and had numerous tests made by the different manu- 
facturers of screening equipment. The problem was the reverse of ordi- 
nary practice in that practically all the material passes over the screens 
with only 5 per cent, or less passing through. The wire cloth required 
was fine and frail, and even with the most intense vibration there was 
serious blinding. It was soon discovered that it was impractical to use 
cloth finer than 60 mesh, which did not give the desired separation. Also, 
the grains are too large to permit of successful air separation. 

To overcome the difficulty, a machine was developed for grading fine 
dry sand. Much of the credit for the final design is due to Supt. W. 0. 
Tilton. Patent has been applied for. During the search for a method 
of separation, experiments led to the belief that each size of grain had a 
different coefficient of friction and if the sand could be fed on to a suitable 
surface in a ribbon-like stream, the coarser grains would slide and roll and 
the finer would adhere to the surface. This reasoning developed the idea 
of moving the surface up an inclined plane and thus removing the fines. 

The machine at present consists essentially of an endless belt operat- 
ing over a system of rollers so that the slope and speed may be varied; 
also, different portions of the belt may have different angles of slope. The 
fines are discharged at the top of the belt and the coarse at the bottom, 
into suitable receptacles. The machine has a belt 7 ft. wide and a feed 
slot 5 ft. long. The capacity of eachmachine is 12.5 tons per hour. The 
fines will vary from 75 to 80 per cent, through 100 mesh. This makes 
the machine very efficient as compared to the ordinary method of 
fine screening. 

Another design has been developed, and patent applied for, in which 
more than one belt or inclined plane is employed. The slope and speed of 
each is independent of the other and more than one separation is possible, 
as each belt takes the fines from the preceding one and makes a 
further division. 

DISCUSSION 

W. M. Weigel, St. Louis, Mo. — The operation discussed in this paper had many 
vicissitudes in its early days and many failures, partly due to the lack of markets in 
that territory and a good deal to mismanagement and inability to mine cheaply and 
compete with the more established producers of silica sand. The operations in the 
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St. Peter sandstone in northern Arkansas, which is about the southern end of that 
great bed, are much the same as those around the city of St. Louis and Crystal City 
ami farther north. The properties and the characteristics of the sand are essentially 
the same at all these places. The southern sand is probably a little finer grained than 
liiat of the other districts, so it has not as yet been developed for other uses than silica 
sand, mainly glass sand; that is, no particular abrasive sands are sold, in the form of 
blast sand or filter sand. The latter could be done but the percentage of extraction 
would be rather low, so that no attempt has been made to use it except in the silica 
sand industry and to a certain extent to supply the sodium silicate markets. 

Mr. Dunkin has not mentioned his markets. This operation supplies most of the 
sand for the glass plants in the South — ^Arkansas and Louisiana — and some of it goes to 
Western Arkansas, Oklahoma and Western Missouri; in fact, some shipments have 
been sent as far as Mexico. Why the buyers wanted that particular sand shipped so 
far, I do not know, but it ma}’ be for the same reason that glass plants in Los Angeles 
buy Belgian glass sand. 

There is the happy advantage at this location of comparatively cheap labor 
w'hich is quite efficient. The records of the drilling sometimes show an average of 
250 or 300 ft. a shift by one driller, which is pretty good considering the conditions. 
Of course, the stone is not really hard but sometimes there is difficulty with the hole 
choking. They drill so fast that they cannot blow out the cuttings. A standard 
drill was tried, but the material was cut out so rapidly that it choked the hole, so a 
special hammer drill was developed with an unusually large needle and large hollow 
steel, which greatly improved the operations. 

F. C. Hoopbb, New York, N. Y. — On what basis is the labor paid? 

W. M. Weigel. — I think it is day labor. 

N. C. Eockwood, Chicago, 111. — Is the mine dry? 

W. M. Weigel. — There is no water running -through it, but the sand is damp. 
If you squeeze the broken sand in your hand, it will adhere, but there is no water 
running out of the mine. 

F. C. Hooper. — There is no dust in the drilling? 

W. M. Weigel. — Not as far as I could see. 

G. E. Mansfield, Washington, D. C.— Did they use more than the 16 feet? 

W. M. Weigel. — No, that is aU they used. The author has quarried more than 
that for steel molding but for glass sand he has taken only the 16-ft. bed beginning 
12 or 14 ft. below the top of the St. Peter sandstone. The sand below that is some- 
limes a very fine grain— too fine to meet the specifications for glass sand. 

H. J. Brown, West Newton, Mass.— What was the tonnage? 

W. M. Weigel.— He is putting out 300 tons a day, I think. 

H. J. Brown. — Is it an ideal shovel-loading proposition? 

W. M. Weigel. — You mean for mechanical loading? 

H. J. Brown. — Yes. 

W. M. Weigel.— They are loading sand underground with an electric shovel 
in some places, but not at this operation, which is comparatively small. With the 
cheap labor in the South, it is very doubtful even with a considerably larger tonnage, 
whether it would pay to use a mechanical shovel. ^ 
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C. R. Forbes, Rolla, Mo. — Wliat do they pay labor? 

W. M. Weigel. — The muckers and shovelers probably get about 35 c. per hour. 
I would not be sure of that, but probably it is not any more. The drillers probably 
make about $4 a day. 

J. R. Thoenen, Greenville, Ohio. — What kind of explosives do they use? 

W. M. Weigel. — I n the holes near the center, two or three sticks of 60 per cent, 
dynamite in the bottom of the holes. 

F. P. Knight, Beverly Farms, Mass. — On tliis class of material, not thoroughly 
dry, would the separation method work so well? 

W. M. Weigel. — It is thoroughly dry. After it passes through the first crusher, 
it is run through a rotary dryer. Probably the moisture is not over 0.5 per cent. 



Suggested Improvements for Smelting Copper in the 
Reverberatory Furnace* 

Bt G. L. Oi.DRiGHTt, Tucson-, Abiz., and F. W. Schboedbr.J Rolda, Mo. 

(New York ISIeeting, Tebruary, 1928) 

The development of the reverberatory furnace for smelting copper 
ores up to 1912 was described by E. P. Mathewson' with details concern- 
ing the great changes in dimensions of the furnace. Hayward^ tabulated 
Rimilar data, giving developments up to about 1924, in his revision of 
Hofman’s Metallurgy of Copper. 

Development of Present Smelting Practice 
Dimensions of Furnace 

Very great changes were made in the dimensions of the smelting 
hearths of the furnaces in the period from about 1800 to 1906, the length 
increasing from about 11 to 116 ft., and the width from 8 to 19 ft. During 
this time the tonnage smelted increased from about 9 to 250 tons per 24 
hr., and the tons of charge smelted per ton of coal increased from 0.77 to 
4.3. Dr. Mathewson* noted no gi’eat difference in the “fuel ratio” 
(z. e., the amount of charge smelted per ton of coal) as the furnace at 
Anaconda was increased in length by stages from 86 to 116 ft. (The 
percentage of copper in the slag, however, was lowered from 0.42 to 0.36 
per cent. The other components of the slag were not given.) Lump coal 
fired on grates was the fuel used during this period. 

The practice in operating the furnaces over such a length of time 
naturally varied considerably, and there were differences in composition 
and nature of the charge, yet it may be considered that the improvements 
made were due largely to increases in the size of the furnace used. Doubt- 
less some credit should be given to improvements in operating technique, 
like changes in the methods of firing the lump coal. However, the 
greater part of the advance was probably due to factors influencing the 

* Published with approval of the Director, U.' S. Bureau of Mines. 

t Metallurgist, Southwest Station, U. S. Bureau of Mines. 

t Assistant Chemist, Mississippi Valley Station, U. S. Bureau of Mines. 

' E. P. Mathewson: The Development of the Reverberatory Furnace for Smelting 
Copper Ores. Trans. (1912) 44, 781. 

* H. 0. Hofman; Metallurgy of Copper. Revised by C. R. Hayward. McGraw- 
EKU Book Co., New York, 1924. 

* Op. <nt., 784. 
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percentage of heat lost; for example, the decrease in radiating surface 
per unit of volume of the heating chamber, with an increase in the size 
of the furnace. 

If 116 ft. be taken as the preferred length of furnace in 1906, it can 
be said that for 20 years there has been little desire to change this dimen- 
sion very greatly. Some large smelting companies think that a shorter 
reverberatory is better, and others have extended their furnaces to about 
130 ft. in length. The objective in the latter case is to secure a better 
separation of the slag and matte rather than to increase the ^^fuel ratio.'' 

One of the furnaces noted by Hayward^ as smelting 860 tons of charge 
per day, or 5.6 tons per ton of coal, has the approximate dimensions 
quoted for the 1906 furnace; i. c., 19 by 116 ft. (For Garfield, Hayward 
gives 7.2 tons of charge as being smelted per ton of coal.) The change in 
furnace capacity since 1906 is not then due to changes in size of the 
hearth of the furnace, such as was noted over the preceding 100 years. 

Other dimensional changes in the past 20 years have been an increase 
in the area of the uptakes, and to a lesser extent an increase in the 
height of the roof above the bath; in general, the provision for the hand- 
ling of more gas within the furnace. These changes made it possible to 
increase the rate of burning coal. 

Preparation of Charge 

Preheating , — ^An increase in the intensity of firing, which permits a 
corresponding increase in the rate of charging, is the main reason for the 
more recent increase in the capacity of reverberatory furnaces. This 
increase in furnace capacity has been accompanied steadily by an increase 
in the amount of charge smelted per unit of fuel. The fuel now used, 
with few exceptions, is powdered coal or oil. The preheating of the solid 
charge — i, e.y feeding hotter calcine — ^has assisted greatly in increasing the 
amount the furnace can handle. 

Concentration , — There are other factors not strictly related to smelting 
that must be considered. How small the particles of the charge may be 
crushed to advantage would seem to be a matter open to argument. It is 
admitted, however, that the finely divided charge employed at present 
smelts more easily than one containing crude ore and much jig concen- 
trate, as with the finer charge more surface is exposed and the slag- 
forming constituents are very likely to be more intimately admixed. 
Other factors, such as the chemical composition of the charge, might be 
considered a constant for any particular ore, or dropped out of considera- 
tion as not being amenable to change by the smelter itself. Thus, the 
changes in the nature of the charge brought about by changes in methods 
of concentration, including such factors as lessening the tonnage to be 


* Op, dt, 196 . 




444 


SMELTING COPPER IN THE EEVEEBERATOET FURNACE 


smelted by improving the grade of concentrate, might be disregarded from 
this consideration of methods to improve present reverberatory costs. 

Methods of Charging . — As suits involving the use of charging methods 
are now under consideration by the courts, the methods of charging and 
the influence of changes in methods of charging upon smelting will not 
be considered. It is necessary to note only that larger capacities and 
better fuel ratios have been reported by users of both center and side- 
charged furnaces since the adoption of the system of more intense firing. 
It further appears that the side walls may bo taken care of satisfactorily 
in either case as far as corrosion is concerned.® We are then free to pass 
to the main purpose of this paper, which is to forecast along what lines 
it is most feasible to increase the capacity of the reverberatory, and the 
number of tons of charge smelted per unit of fuel. 

Possibility op Further Improvement 
Furnace Dimensions 

It is unlikely that the reverberatory will be lengthened. The increase 
in the width of the furnace was made chiefly to secure a larger hearth area, 
more capacity, and a roomier furnace to operate, with more space for the 
gases. (Later comparative tests with fine charges have shown that the 
chief improvement in operation is that the wider furnace with the larger 
bath of matte gives fewer periods of erratically high losses, rather than 
a lower percentage of copper in the slag at any time.) The roof is now in 
many cases supported entirely by the steel work, without resting on the 
walls; a few suspended arches are even in use. The factor limiting the 
widening of the furnace would seem to be only the compressive strength 
of the arch brick at high temperatures. The volume for the gas space 
and its possible enlargement, without sacrificing efficiency of utilization 
of heat, is receiving considerable study. Greater enlargement of the 
hearth area, however, is deemed inadvisable by many who believe that 
improvements in flotation methods may greatly reduce the tonnage to 
be smelted. 


Preheating Materials Entering Furnace 

Charge . — ^Among the methods of improvement left for consideration 
are those associated with an increase in the rate of burning fuel, and in the 
yate of adding fresh charge. With the latter is connected the preheating 
of the products fed to the furnace — charge, fuel, and air. In the rever- 
beratory smelting, the rate of supplying heat to the charge is an extremely 
important consideration. As long as the charge is solid it is a fair 
insulator, whose layers heat through slowly, and will not “tsike” much 

• Frederick Laist: Quotation from Court Testimony. Engng. & Min. Jnl. (Oct. 
16 , 1926 ) 122 , 624 . 
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heat; thus the rate of smelting is slowed down. It is obvious that the 
thicker the layers, the more important it is to preheat the charge, and 
much thought has been, and is being, given to various economical sources 
of heat for preheating the charge as nearly to the point of incipient fusion 
as is mechanically feasible. 

Fwl and Air . — Practically nothing has been done on preheating the 
fuel, beyond heating the oil so that it will flow freely. Regenerative 
checker chambers were used on the gas-fired reverberatory furnace at 
Great Falls, Mont., but in general the adoption from ferrous metallurgy 
of the feature of preheating the air as in the steel open-hearth practice, 
or, in addition, of drying the air as in iron blast-furnace practice, has met 
with little serious encouragement. That is, preheating the air has been 
tried at several plants not requiring power® from waste-heat boilers, but 
no general extension of the system is promised. 

The attempt to lessen the fuel requirements for smelting by preheating 
and intimately mi x i ng the charge, etc., is worthy of much work, as such 
methods would not require the use of other refractory materials than 
those employed at present. However, practically the whole charge to 
the reverberatory furnace, except the molten converter slag, is now put 
through the roasters; the calcine is carefully kept hot, and the charge in 
many cases is being spread out over the surface of the bath in thin layers, 
so that it heats quickly to the fusion point. Putting all the solid charge 
through the roasters mixes as well as preheats it, particularly when the 
siliceous flux is added in finely divided form like the rest of the material. 
The intimacy of admixture of the converter slag still leaves very much 
to be desired and a careful examination of the calcine may disclose sur- 
prising irregularities in its composition. 

Rate of Firing 

The increase in the rate of firing fuel and the establishment of a short, 
hot, smelting zone in the furnace are the factors that have been almost 
universally adopted in reverberatory practice, no matter how the other 
details of operation may differ. The adoption of this method of smelt- 
ing has been the main cause of increasing three to four times the capacity 
of the reverberatory and of doubling its fuel ratio — i. e., tons of ore per 
ton of fuel — since the hearth dimensions of the furnace have been held 


® C. Offerhans; Gas-fired Reverberatory Famace at Sulitjelma, Norway. Engng. 
& Min. Jrd. (Dec. 25, 1915) 100, 1033. 

R. R. Moore: Recent Reverberatory Smelting Practice. Engng. <fc Min. Jnl, 
(May 14, 1910) 89, 1021; (May 21, 1910) 89, 1063. 

F. A. Leas; Regenerative Reverberatory Copper Furnace. Engng. & Min. Jnl. 
(Nov. 7, 1908) 86, 898. 

W. G. Perkins: Non-reversing Regenerative Furnace for Copper Smelting. 
Min. <& Sci. Pr. (Jan. 2, 1917) 114, 769. 
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approximately constant. The establishment of such a zone is, in itself, 
the main reason that hearth dimensions have not increased, since much 
of the furnace is now used chiefly as a settler. When a long flame was 
used, the temperature of which was not greatly above that required to 
melt the charge, the addition of fresh charge so lowered this small mar- 
ginal range of temperature that the rate of smelting was lessened, even 
though the smelting was done over a long zone. When the short, hot, 
localized zone was established, although the temperature was increased 
not many hundred degrees, the available margin of temperature over 
what was required to fuse the charge was increased several fold, and the 
chilling effect of the fresh charge was greatly diminished. 

The rate of transmitting heat to a charge depends on its receptivity 
to heat as well as on the temperature employed. To determine to what 
extent the rate of smelting is a function of temperature is a matter, then, 
that would require actual experimentation rather than calculations based 
upon thermochemical data. There is no doubt, however, that the trans- 
fer of heat by radiation between two bodies is proportional to the differ- 
ence between the fourth power of the absolute temperature of the hot 
body, and that of the colder. Also, it is obvious that the amount of heat 
utilized in smelting is only the surplus left above the amount spent in 
satisfying heat losses, and requirements that are not very far from being 
constant per unit of charge, provided the charge is uniform in tempera- 
ture, chemical composition, etc. 

Present practice shows no indication, as yet, that the advantages to be 
gained from the continued increase in the rate of firing are soon to be 
halted by a lack of receptivity of the charge to heat. 

The capacity may be increased either by extending the length of the 
present smelting zone, while maintaining the same temperature, or 
by increasing the temperature in the present zone. Experiments in 
present reverberatory furnaces have shown a great increase in capacity 
with increase in temperature, when the furnace was operated regardless 
of the life of the roof. Under present operating conditions — dusting, 
etc. — the practical point limiting firing is the temperature at which the 
arch brick drip rapidly. 


Ebfractoby Corrosion 

The corrosion of the brick in the arch is caused by the fluxing of 
the silica with the basic dust of the charge at high temperatures; “the 
brick do not burn out, they smelt out,” as the smelter men say. The 
acuteness of the refractory problem at any smelter may be judged, then, 
by the extent or the degree to which these two variables co-exist. The 
operator particularly interested in refractories is he who must utilize 
the fuel in smelting the ore itself; i. e., smelt the maximum amount of 
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ore per unit of fuel, as the use of large amounts of waste heat for power 
under his conditions is uneconomical. In this case the obtaining of a 
good fuel ratio is inseparable from putting through a large tonnage, so 
the rate of firing must be forced and a short hot smelting zone established. 
When, in addition to this condition, the operator must handle a finely 
divided, highly basic charge — ^like most flotation concentrate — that dusts 
badly, he will have the maximum amount of trouble with his refractories. 
The dusting action in the furnace may be greatly aggravated by high 
gas velocity caused by insufficient cross-sectional area or too much draft, 
or by poor methods of charging. 

Control of Dusting 

The lessening of the amount of dusting with a given charge would 
give a greater capacity to a furnace by increasing the length of a furnace 
campaign. If the dusting were decreased below a certain critical point 
it is possible that a somewhat higher temperature could be employed. 
Preheating should also decrease the dusting by diminishing the time the 
charge was in a nonliquid condition. Like preheating, the control of 
dusting would also allow betterments without requiring other than the 
silica brick now employed. Schemes like the Ambler^ side feeder, 
operating on the principle of an underfeed stoker, are familiar to nearly 
all smelter men. An apparatus was designed by Mr. McGregor whereby 
the fresh charge would be conducted by a pipe down to the older charge 
smelting within the furnace,® very much after the system for conveying 
fine flue dust through a telescoping canvas bag down into a charge car. 
Other schemes, having in mind the physical nature of the calcine, like 
possibly a slight nodulizing, suggest themselves, and doubtless the subject 
of the prevention of dusting will continue to receive the attention 
it deserves. 

It may be conceded at once that the development of a refractory 
material that will withstand a higher temperature in the presence of dust 
will meet with great discouragement, notwithstanding its importance and 
desirability. In the first place, under favorable circumstances some of 
the reverberatory furnace roofs have a very good life. “ The reported life 
of a silica roof, in the hottest part of the furnace, namely, that portion 
extending from 5 to 35 or 40 ft. from the firing end, ranges from 3 to 6 
months.^^^ Young^® reported that at the United Verde smelter, where 

’ J. O. Ambler; New Method of Charging Reverberatory Furnaces. Engng. & 
Min, Jnl, (Jan. 29, 1921) 111, 226, 

* E. H. Robie: Pyrometallurgy. Engng, & Min, JnL.-Pr. (Jan. 19, 1924) 117, 109. 

® Report of Committee C-8 on Refractories, A. S. T. M. Industrial Survey of 
Conditions Surrounding Refractory Service in the Copper Industry. Proc. A. S. T. M. 
(1926) 26, Pt. I, 256. 

^0 G. L. Young: The United Verde Smelter. Engng, & Min. Jnl.-Pr. (July 19, 
1924) 118, 97. 
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the charge is comparatively coarse, 29 months had elapsed for one fur- 
nace without any repairs being necessary. 

It can be seen that the technique of rapidly repairing the roof has been 
well worked out. The cost for refractories at present may also be reason- 
able under some circumstances. For the Humboldt smelter, Corwin” 
gave costs for refractories over more than a year’s operation that seem 
very reasonable — ’from 4.4 to 8.23 cents per ton of charge smelted. 

Other smelters possibly have less favorable conditions, but the person 
recommending other refractories is very justly told by the smelter men 
that “Silica brick are good, and they are cheap.” Nevertheless, the 
silica brick are being operated at the highest temperature they can with- 
stand under the present conditions of operation, and it would appear that 
the properties of a few brick in the arch in the “hot zone” of the furnace 
are limiting the further improvement of reverberatory practice by making 
it impossible to increase the temperature. 

Operating Details 

No very systematically taken data on temperatures within the 
furnace have appeared in print. Textbooks quote 1650° C. as the 
temperature required for “slagging in” a new silica bottom for the fur- 
nace, and Hasnvard” gives gas (flame) temperatures from 1410° to 1650° 
C. in the hot zone of the furnace, the variations being probably due to the 
objects observed with the pyrometers employed — parts of the flame, 
incandescent brickwork, etc. 

Before considering the refractories themselves, a few notes might be 
given on features of operation, other than the method of charging, which 
might affect the life of the brick. 

The air pressure on oil and coal may vary from about 4 oz. to about 
13 lb. The air pressure for the oil is usually between 6 and 12 lb. There 
is no marked conformity of opinion as to the optimum air pressure as 
far as the life of the arch is concerned. In general, it is believed that 
higher pressures will cause the more severe corrosion. The number of 
burners also varies greatly — ^from 4 to 13 have been quoted for oil. 
They are used in one horizontal plane, or in two superimposed planes, 
and are largely some modification of the Steptoe burner. It is commonly 
agreed that the flame should not impinge upon the charge or the roof. 
In the ideal case, probably the burners should all be parallel; but in 
smelting a fine charge some operators point the end burners inward and 
the other burners slightly downward. It is usually believed that coal 
gives a longer and “ softer ” flame than oil. However, the scouring action 
of the coal dust is thought to be severe if it is forced into the furnace at 

“ F. R. Corwin: Reverberatory Furnace Repairs. Engng. & Min. Jril.-Pr. (May 
31 , 1924 ) 117 , 889 . 
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too great pressure. For this reason a pressure of between 13 and 17 oz. 
is often preferred — ^just about enough to get the coal properly into 
the furnace. 

The original oil burners were little more.ithan straight pipes. Then 
the design was changed so that the oil was atomized to a considerable 
extent; the atomization was carried so far with some burners that the 
brick in the hot zone were corroded too rapidly. With the present type 
of burner, the atomization of the oil is carried to the point where the 
hot zone is maintained at the desired len^h, and at a temperature that 
the roof brick can withstand for a reasonable length of time. For coal, 
the difficulty is usually to get the material sufficiently fine. Any trouble 
with the grinding mechanisms that results in feeding much coarse coal 
to the burners will cause a loss of the localized “hot zone, ” and the forma- 
tion of a longer zone at lower temperatures, much after the type obtaining 
when lump coal was fired on grates. Examination with the microscope 
has shown that much of the pulverized coal used at present is about 700 
mesh and from 85 to 90 per cent, is minus 200 mesh. Improvements in 
grinding the coal are being made steadily. 

Survey of Service Conditions 

The conditions met by refractories in the hot zone — dusting, tempera- 
txire, etc. — and the properties of the refractories themselves are the 
factors limiting the intensity of firing. As this is one of the most promis- 
ing of the few feasible methods for improving reverberatory practice, a 
preliminary survey was made of the field. A few samples of brick, were 
collected for study, operating conditions were observed, and it was 
intended to parallel later the study made for the steel industry. 

From a study of the behavior of the brick under operating conditions, 
manufacturers of refractories and operators may obtain a good idea of 
the conditions to be met in securing a better brick. A few observations 
from articles already published are used to supplement this study, without 
any reference to the merits of various styles of charging or to the operat- 
ing data associated with them. A wealth of data on these latter points 
will probably be available in the near future. Therefore the building 
up of magnetite bottoms in the furnace will be omitted, even though the 
length of furnace campaigns at times may be almost as much limited by 
this factor as by the properties of the refractories. The corrosion of the 
roof brick only wiU be considered. 

Details of operating practice, such as noted above, exert a great 
influence upon the life of the silica brick in the roof. A few points in 
construction that affect refractory service will also be considered before 

B. M. Larsen, F. W. Schio'eder, E. N. Baner and J. W. Campbell: Service Con- 
ditions of Refractories for Open-bearth Steel Furnaces. Min. and Met. ImesHgatiom. 
Carnegie Institute of Technology, Bidl. 23 (1925). 
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p<assing to the chemical factors like slagging and dusting and their varia- 
tions within the furnace. 

Besides differences in furnace dimensions, the construction of various 
furnaces differ in the quality of the brick used, the workmanship of the 
masons laying the brick, strength of the reinforcing steel, and whether 
or not the roofs are ribbed. A partial bibliography on the properties 
of silica brick is given in articles by Larsen, Bauer, Schroeder and 
Campbell. To the masons constructing the furnaces, the point of 
greatest importance is to have brick with straight edges and of uni- 
form size. 


Construction 

The main problem of construction is to secure a furnace that is as 
tight against the entrance of air as possible, and yet provide for expansion 
upon heating. For instance, to prevent the entrance of air as much as 
possible, a mixture of sodium silicate and silica, or silica and clay, is 
swept over the top of the roof so that it may lodge in the cracks between 
the brick. From the work of Grieg^^ it would be judged that for gouting 
or luting, finely ground silica bonded with a little lime would be prefer- 
able, and that the use of clay and alkali in particular should be avoided. 
To help prevent opening up cracks between the brick by the warping of 
the roof after the furnace is heated, the steel-plate supporting skewback 
is sometimes made continuous; i. c., it is not riveted to the vertical I-beams 
that take, together with their tie rods, the thrust of the arch. The plants 
having charges that make for long life in the furnace arch usually increase 
that life by solidity of furnace construction. 

The reverberatory copper-smelting furnace is seldom rebuilt as a 
unit. The corrosion of the refractory material is very unequal in the 
length of the furnace, decreasing rapidly with the distance from the bridge 
wall. The section of the roof over the hot zone of the furnace is replaced 
at least seven times more often than that over the slag bay. Therefore 
the roof is usually built in sections, any one of which can be replaced 
without disturbing the remainder. 

Appearance of Corroded Roof 

The inside contour of the roof of a reverberatory furnace that has 
been in operation for some time is very irregular. Each of the six to 
eight sections may have been replaced at different times and exhibit 

« O. E. Jager: Prolonging the life of the Eoofs of Eeverberatory Furnaces at 
Anaconda. Min. <& Sci. Pr. (July 19, 1919) 119, 85. 

« U. W. Grieg: Inmiiseibflity in Silicate Melts. Am. Jrd. of Sci. (Jan & Feb., 
1927) 13, 1-44, 133-154. 
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great differences in the amount of corrosion. Frequently offsets of 6 to 
10 in. occur between adjoining sections. It is difficult to make the 
section joints sufficiently tight to exclude the air. The worst part of 
the corrosion is always found round the places where the air has been 
allowed to enter — around the opening for converter slag, between the 
sections of the arch, between loosely placed brick, or poorly shaped brick 
with crooked edges. 

Wherever oxygen and charge get together in the presence of silica 
brick these latter are corroded. In the presence of silica and excess 
sulfides, the iron sulfide probably oridizes as far as FeO, in which form 
it attacks the silica brick and slags as xFeO.j/SiO*; the composition is a 
function of the temperature, as well as of the analyses of the interacting 
solids. (It will be noted later that other bases, like copper oxides, are 
also present in the slagged brick.) At the higher temperatures found in 
the firing zone, a lesser amount of bases (FeO, CuaO, CaO), etc., is required 
to flux the silica brick sufficiently to cause them to drip. The slagging 
action of dust on silica brick is greatly accelerated by an increase in 
temperature, even more than would be expected from the increase in 
the speed of reaction. 

There is a marked difference in the appearance of the brick from the 
various sections of the roof. The bricks over the slag bag are covered 
more or less uniformly with a black or blue-black glaze, from which small 
drips hang. This section of the furnace roof is similar in appearance 
to the roof of an open-hearth steel furnace under “normal oper- 
ating conditions.” 

The corrosion of the refractories in the firing zone is much more equal. 
“Stringers” of a light brown color from 1 to 6 in. in length are frequently 
seen hanging from the roof. These “stringers” are evidently viscous at 
operating temperatures, indicating that an actual fusing of the fluxed 
refractory is taking place rather than the comparatively slow surface 
corrosion of the slag bay. The firing zone has the appearance of a badly 
overheated section of an open-hearth steel furnace roof. 

Slag Penetration 

Upon examination of the individual bricks we find that the depth of 
slag penetration decreases with the distance from the bridge wall, or what 
is more to the point, with decreasing temperature. 

The length of the bricks themselves affects the depth of slag penetra- 
tion to a considerable extent, due to differences in temperature gradients. 
The bricks shown in Fig. 1 were taken from the same section of a furnace, 
about 50 ft. from the bridge wall, and illustrate the effect of temperature 
gradient upon slag penetration. The shorter the brick, the sharper is 
the temperature gradient, and the less the slag penetration. 
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Table 1.- 

— Depth of Slag Penetration in 

Various Roof Sections 

Sample Number 

; Length of Brick, 
Inches 

1 

1 Distance from j 

1 Bridge Wall, Feet 

Days of Service 

Depth of Slag 
Penetration, 
Inches 

1 

12 

5 

173 

5.5 

2 

9.5 

15 

132 

4.5 

3 

6 

30 

132 

3.0 

4 

10 

50 

132 + 

4.0 

5 

10.75 

110 

325 

1.75 

6 

9 

1 Flue 


1.5 

7 

19.0 

5 


7 

8 

16.5 

10 


, 6 

9 

4.5 

15 1 


1 2 

10 

7 

i 20 


1.5 

11 

9 

30 


3 - 

12 

8 

: 35 ' 


3.5 

13 

10.5 

i 40 


1 3 

Verb. 

9 

I 115 


1 4 

! 



Fig. 1. — Effect of temperature gradient on depth of slag penetration. 


Composition of Brick-fluxing Materials 

In considering the chemical attack of slag upon the brick, it is custom- 
ary to show analyses of the slags present within the furnace. These 
analyses are of more interest to those studying the corrosion along- the 
side wall as there is rarely enough splashing for the slags to come into 
contact with the roof. However, Tables 2 and 3 will give an idea of 
the ranges of- the slags present in the furnace. 
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Table 2. — Tyjncal Analyses of Reverberatory Slags 


Substance 

Approximate 
Range, Per 
Cent. 

Usual Range, 
Per Cent. 

Remarks 

FeO 

25—50 

30-45 

All Fe present calculated to FeO 

CaO 

2-24 

2-6 

Rarely over 10 per cent. 

AI 2 O 3 

5-12 

8-12 

Na 20 , K 2 O, MgO, as compounds; ZnO 
also present 

Si 02 

32-50 

35-44 

PbO, etc., present in minor amounts 

Table 3. — Typical Analyses of Converter Slags 

Substance 

III 

Usual Range, 
Per Cent. 

Remarks 

Fe 

48.0 

40-56 

Fe present as several compounds 

CaO 

0.3 



AI 2 O 3 

3.0 



SiOj 

22.0 

18-30 



In the absence of samples of dust actually taken from the furnace 
while in operation, perhaps the next best idea of what the corroding dust is 
composed of may be had from analyses of the corroded slag brick. Analy- 
ses of the charge as given in Tables 4 and 5 are also of value, particularly 
those of the flotation concentrate. This product, after roasting, becomes 
the most finely divided constituent and would, therefore, seem likely to 
do the most dusting. 


Table 4. — Analyses of Reverberatory Furnace Charges 


Substance, Per Cent. 

Hayden® 

El 

Paso® 

Tacoma® 

Copper 

Queen® 

Inter- 

national® 

1 Nevada 

1 Cons.® 

! 

Ana- 

conda® 

United 

Verde* 

Cu 

16.0 

17.1 

18.2 

i 8.5 

23.5 

11.4 

9.8 

5.8 

Fe 

31.5 

25.0 

21,7 

! 29.5 

22.3 

28,0 

26.8 

36.5 

CaO 

3.9 

4.0 

3.0 

1.6 

3.6 

5.6 

4.2 

1.4 

Zn 








2.0 

AI2O3 

6.0 

5.3 

i 

7.0 

5.1 

7.2 

5.6 

7.7 

SiOs 

1 22.0 

27.3 

1 

12.8 

27.0 

1 

14.6 

31,9 

24.5 

27.0 


« H. O. Hofman: 'Metallurgy of Copper, 193. Eevised by C. R. Hayward. 
McGraw-Hill Book Co., New York, 1924. 

* G. L. Young: The United Verde Smelter. Fngng. & Min, JnL-Pr, (July 19, 1924) 
118, 97. This contains no concentrate; it is all crude ore. 
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Table 5. — Analyses of Flotation Concentrate* 


Subfatunce, Per Cent. 

Ray Cons.® 

Copper 

Queen** 

Nevada 

Cons.® 

Cananou'* 

Nacozari* 

Cu 

19.8 

12.75 

14.9 

19.0 

28.0 

Fe 

19.6 

27.1 

24.6 

29.0 

29.4 

SiOi 


15.6 

20.0 

5.7 

4.8 

Insoluble 

28.9 





AI 2 O 3 


5.1 

5.1 

2.0 

2.0 

S 


34.6 

29.0 

34.9 

33.7 

Through 200 mesh 

83.0 

Nearly all 

65.0 

! 

57.4 

71.2 


* These analyses of flotation concentrate are not taken for the same year, and since 
flotation practice is changing very rapidly, they cannot be strictly compared. The 
copper from the first three mills was largely in the form of chalcoeite, and from the last 
two in the form of chalcopyrite, which will explain in part some of the differences. For 
instance, the “insoluble” material will usually be higher with the more altered rocks 
containing chalcoeite. 

® W. I. Garms: Remodeled Flow Sheet at Hayden Plant. Ariz, Min. Jnl. (Mar. 
15, 1926) 9, 5. 

* E. Wittenau: The New Copper Queen Concentrator. Engng. Min. Jnl.-Pr. 
(:May 24, 1924) 117, 836. 

« A. B. Parsons: Nevada Consolidated Copper Co. IV. Min. & Sd. Pr. (Sept. 3, 
1921) 123, 323. 

^ A. T. Tye: Differential Flotation of Copper at Cananea. Engng. & Min. Jnl.- 
Pr. (Apr. 10, 1926) 121, 597. 

« W. T, MacDonald: Selective Flotation at Nacozari. Engng. Min. Jnl.-Pr. 
(Sept. 20, 1924) 118, 445. 

In regard to the kind of flotation concentrate that may be expected in 
the future, it may be said that the present trend is toward even finer 
grinding, in the endeavor to free the finely disseminated copper minerals, 
and to make the composition of concentrate approximate as closely as 
possible that of the copper minerals of which it is composed. Just now 
the attempt is being made to drop ” more of the iron minerals, which are 
overbalancing the acidic’^ minerals from the standpoint of making a 
good slag. An estimate of the extent to which a particular concentrate 
may be enriched by “dropping’^ the iron may be made from an examina- 
tion of the chemical and physical associates of this substance. It would 
seem that the corrosive properties of the dust formed in many reverbera- 
tories will not be lessened for some time, for even if the iron content of 
the concentrate is lessened, it is almost certain that the dust will be 
finer in size, and copper oxide, as will be seen later, is a very corrosive base. 

Dusting . — The subject of dusting within the furnace itself, and of 
the composition of the dust near the roof in the hot zone, has seemingly 
received very little study. With few exceptions, the feed to the large 
copper reverberatory furnaces is practically flotation concentrate, to 
which has been added siliceous material of lower grade in copper for 
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fluxing ‘'excess iron.” Although the total charge is usually more or less 
mixed and preheated in the roasters, as described, in most plants the 
siliceous material added as flux is much coarser than the rest of the 
charge. It would be thought that the kaolin and sericite of the original 
flotation concentrate, with the more finely divided sulfides (these latter, 
of course, altered by roasting) would form most of the dust. From the 
proportions of the various fine dust-forming constituents present, it 
would also be judged that the dust would be highly basic. For the 
copper minerals, the fineness of grinding required to liberate them would, 
of course, determine their sieve size — ^if chalcocite and chalcopyrite were 
present in the same ore, it would be thought that the chalcocite, being 
the more friable, would be the more finely divided. 

Slag Drips . — It was found that most of these suppositions were 
checked when samples of slag “drips,” taken along the whole length of the 
furnace, were analyzed. Also, composite samples of the brick were 
analyzed and the bases absorbed from the furnace dusts computed. The 
evidence thus obtained is confirmatory of the selective nature of dusting. 
The samples of drips from the roof taken at intervals from the firing 
end to the slag bay had the compositions and fusion points shown in 
Table 6. 


Table 6. — Analyses of Drips 


Sample 

Number 

Location 

SiOa. 

Per 

Cent, 

FesOa, 

PeO, 

; Per 
j Cent. 

AlaOs, 

Per 

Cent. 

CaO, 

Per 

Cent. 

Cu 

Calcu- 
lated 
to CU 20 , 
Per Cent. 

Cone 

Fusion 

Temper- 

ature 

Approx- 

imate 

De^ees 

1 

I Plant No. 1,« firing end. 

70.7 

0.8 ' 

7.7 

5.9 1 

1.0 j 

8.3 

13-14 

2800 

2 

Plant No. 1. 50-60 ft. 
from firing end 

58.7 

5.8 ' 

9.4 

6.6 

1 

2.6 j 

9.3 

9 

2390 

3 

Plant No. 1, 75-SO ft. I 
from firing end | 

66.6 

1 

0.6 1 

8.5 

5.3 i 

1.4 i 

10.6 

9 

2390 

4 

1 Plant No. 1, uptake. . . . j 

60.9 

1.1 1 

7.3 

7.6 

1.5 i 

12.5 

S-9 

2370 

5 

! Plant No. 2,i» 45-50 ft. 

! from firing end 1 

60.6 

2.9 ! 

4.5 

16.9 

1 

3.6 1 

1.0 

9-10 1 

2410 


« Charge mostly finely ground flotation concentrate from chalcocite ore. 

Charge comparatively coarsely crushed chalcopyrite; siliceous material, highly micaceous. 


It would be necessary to obtain a great many samples of drips from 
many furnaces in order to have the composition of the various samples 
show characteristics with any uniformity. However, each of the samples 
listed is a composite of 15 to 50 drips. Overlooking some irregularities, 
it may be seen that the copper in the drips increased as the slag bay was 
approached, the alumina and lime increased slightly, and the ferrous 
iron stayed about constant. 

The fall in temperatmre in traversing the furnace from the firing end 
to the slag bay, of course, caused an increase in amount of bases necessary 
to react with the sHica brick to form a slag of sufficient fluidity to drip 
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from the roof, but the varying portions of the bases present showed a 
preferential action in dusting. The finely divided micaceous flakes of 
sericite probably would be carried easily in the gas stream, and would, 
therefore, “dust preferentially.” Analyses for alumina would offer a 
means for following the course of the sericite. The uncertain volatility 
of potash under the conditions obtaining when the drips were formed 



Fig. 2. — Zoned brick. 


would make it hard to use analyses for this base for a similar purpose. 
Sample 5 shows that when the sufides of iron and copper are coarser, and 
the siliceous material is finer, the slag formed on the roof is of a very dif- 
ferent nature. Plant No. 2, from which Sample 5 was taken, is noted for 
the long life of its furnace roofs. 

When examined under the binocular microscope, the drips” showed 
unfused particles of dust adhering to a glassy surface where fusion had 
already taken place. The dust particles probably attach themselves 
to the softened roof as flies adhere to sticky paper. 
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Samples 2, 3, 4 and 5 were all composed of drips having much the 
shape of drops of water held to the underside of a flat horizontal surface 
by surface tension. They were glassy-black in color and had a conchoidal 
fracture. It is evident that the roof surface over the slag bay was covered 
with a thin black glaze, very fluid at operating temperatures, which 
slowly dripped into the bath, but which was being constantly replaced 
by the fluxing action of the fume and dust on the silica brick. A certain 
amount of this slag was drawn up into the porous silica brick by capillary 



L E//STH - 

Fig. 3. — Composition of zones in used brick prom bbvbrberatoet copper- 

smelting FURNACES. 


attraction, the limit of penetration marking the point in the temperature 
gradient at which the slag was no longer fluid. 

The drips composing Sample 1 (flring zone) were several inches in 
length and when broken showed a structure very similar to that of the 
first zone of the brick from which they were formed. The brick in the 
firing zone were fused together and the appearance of the roof in this 
section of the furnace indicated a fluxing and fusing of the refractory 
material rather than a slow surface corrosion. 

Zoning. — k brick taken from the center of the arch about 50 ft. from 
the firing end of a furnace was found to have a fairly well developed zone 
structure. It was divided into five zones, as shown in Fig. 2, and each 
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zon6 was samplpd for cKemical analysis. The results of these analyses 
are given in Table 7, and are shown graphically in Fig. 3. 


Table 7. — Analyses of Brick Zones 


Samples 

SiOa, 

Percent. 

FesOa, 

Per’Cent. 

PeO. 

Percent. 

AI 2 O 3 , 

Percent. 

CaO 

Cu Cal- 
culated 
to CugO, 
Per Cent. 

Cone 

Fusion 

Temper- 

atxire 

Approxi- 

mate 

Degrees 

F. 

Drips. 

60.8 

' 3.0 

9.1 

7.3 

1.6 

8.7 

11 

2462 

Zone 1 

83.8 

3.8 

0.7 

4.6 

0.8 

3.4 

26 

2912 

Zone 2 

86.2 

2.1 

Trace 

4.8 

2.1 

3.9 

28 

2975 

Zone 3 

86.7 

1.2 

Trace 

5.3 

3.7 

2.8 

28 

2975 

Zone 4 

93.6 

0.7 


3.6 

1.5 , 


30-31 


Zone 5 

93.6 

0.5 


3.2 

1.6 


31-32 

3090 


As in the case of roof brick from open-hearth steel furnaces^® there 
seems to be a concentration of lime and alumina in Zone 3. Lime forms 



Fig. 4. — Ratio ojf bases absorbed by roof brick in various sections of 

FURNACE. 

very fluid slags with flue dust and silica, and these slags may be drawn 
easily up into the brick by capillarity, absorbing more lime and becoming 
increasingly more fluid as they penetrate. If this occurs, the slags finally 
would form an enriched layer when their freezing temperatures were met. 
The zones left behind would contain undissolved siKca and lime-free slag. 
However, copper is present in the first three zones in decreasing amounts 
and causes the fusing points of Zones 1 and 2 to be lower than in the ease 
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of the open-hearth brick. Zones 4 and 5 are of nearly the same chemical 
composition, indicating that Zone 3 is the limit of slag penetration, 
although Zone 4 differs in color from Zone 5. 

This penetration of the slag into the brick seemingly caused the 
gradual solution of the quartzitic grains, as is indicated by their rounding 
in Zones 3 and 4, and their complete disappearance in Zones 1 and 2. A 
plane of weakness is found at the junction of Zones 3 and 4, or rather at 
the limit of slag penetration. Differences in the mineralogic structure 
with the corresponding difference in expansion is probably responsible 
for this plane of weakness. In furnaces that have been cooled for repairs 
many brick are found which have spalled or broken at or near this plane. 

The approximate ratio of the bases Fe 203 , FeO, CaO and CusO in the 
slags absorbed by the brick in different sections of the furnace was cal- 
culated from the chemical analyses of composite samples of unused and 
slag-saturated brick, together with their weights and volumes. These 
approximate compositions neglect silica and alumina, because they were 
used as the basis for calculation. The calculated ratios of the bases 
absorbed by the brick are given in Table 8 and are shown graphically in 
Fig. 4. No sulfur was found in the brick. 


Table 8. — Calculated Ratios of Bases Absoi^bed by the Brick 


Sample from: 

1 Distance from 
Bridgewall 

1 

j FeaOs, 

1 Per Cent. 

1 

FeO, 

Per Cent. 

CaO, 

Per Cent. 

Cu Calculated 
to CusO, 
Per Cent. 

Plant No. 3 

Filing end 


38.7 

9.8 

51.5 

Plant No. 3 

Slag bay 


31.2 


68.8 

Plant No. 4 

5 feet 


33.9 

21.8 

44.3 

Plant No. 4 

15 feet 


46.1 

18.8 

35.1 

Plant No. 4 

30 feet 


35.4 

26.3 

38,3 

Plant No. 4 

50 feet 


45.0 

22.3 

32.7 

Plant No. 4 

no feet 

1 9.2 

27.8 

39.8 

23.2 

Plant No. 4 j 

Flue ] 

10.3 

24.0 

47.7 

18.0 


Table 9. — Calculated Ratios of the Bases in the Calcines 


! 

Plant j 

Fe Calculated : 
i to FeaOa, 
Per Cent, 

CaO, 

Per Cent. 

CusO, 
Per Cent. 

Copper Minerals 
Approximate Per Cent. 

Plant No, 1 

67.2 

5.8 

27.0 

90 % chalcocite 

10 % oxidized 

10 % chalcocite 

90 % chalcopyrite 

90 % chalcocite 

10 % oxidized 

50 % chalcocite 

50 % chalcopyrite 

Plant No. 2 

87.0 

2.3 

10.7 

Plant No, 3 

51.6 

5.8 

42.6 

Plant No. 4 

56.3 

i 

20.1 i 

! 

23.6 

j 
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It is at once evident that the composition of the fluxes absorbed by 
the refractories is not the same throughout the length of the furnace, and 
therefore must be caused by the preferential dusting; certain constituents 
are carried farther by the gas stream, due to their physical properties, such 
as size, shape and specific gravity. The ratios of the above constituents 
in the calcines of these plants are given in Table 9. 

Apparently the finer constituents of the charge dust preferentially, 
and the corrosion of the brick is in part a function of the size and composi- 
tion of the materials of the charge, particularly of the relative sieve size 
of the acidic and basic constituents. 

Conclusions 

Preferential dusting occurs to considerable extent even in the hot 
zone of the furnace. Of the bases, the percentage of the lime and the 
copper in the brick is larger than would be assumed from the analysis of 
the charge, and the percentage of iron is smaller. The probable mechan- 
ism of the fixing of FeO as a;Fe0.2/Si02 has been described; it is also 
probable that the copper acts somewhat similarly. The fluxing action 
in general may be summarized as follows; The pore space of the brick 
draws up these fusible silicates by capillarity, and the slag enters to a 
distance determined by its fluidity, which is in turn governed by the 
temperature. "V^Tiere the fluxing is not too rapid zones appear in the 
brick. On the bringing up of fresh basic dust, the silica content, particu- 
larly of the finer sized binder, becomes suflSiciently lowered for the bottom 
part of the brick to become fusible and droplets to appear in the hot zone 
where the action is very rapid. These drips contain noticeable frag- 
ments of silica altered only by heat treatment. 

The maximum practical temperature of operation of the furnace is 
determined by the point at which the silicates made by the dust in 
contact with the roof become easily fusible. The temperature where 
the drips from the hot zone of one furnace fused was 2600*^ F. (about 1430° 
C.). It was also noted that coarse uncombined particles of silica will 
even slough off. The lessening of dusting will decrease the speed of 
corrosion of the brick at a given temperature. The extent to which the 
dusting must be reduced before an attempt may be made to increase the 
temperature and thereby the capacity markedly, is another very impor- 
tant point upon which data are lacking, and results may be conjectured 
only . Unless the dusting were nearly eliminated, there would be the same 
phenomena of slag penetration of the brick and lowering of its fusion point. 
As the temperature is increased, the base requires more silica to satisfy 
itself^' and after the binder goes, large unfused lumps of silica may form 
the drips. The length of increase in life of refractories on a diminution 
of the amount of dusting at the present smelting temperature cannot be 
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used, then, as a basis for computing the increased length of life of brick 
under conditions when the dusting is likewise decreased but the tempera- 
ture is raised. 

Judging from the experimental results of steel open-hearth practice, 
cooling the silica brick with water jackets w’'Ould not greatly lengthen 
their life. The effectiveness of water-cooling with refractories of higher 
heat conductivity (magnesite, etc.) would probably depend on the 
intimacy of contact between the water jacket and the refractory. 

From the historical development of the reverberatory it would seem 
that the best chance of improving present practice lies along the line 
of still higher temperatures in the hot zone and that a refractory of 
better quality is necessary before this temperature can be increased 
much further. 
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DISCUSSION 

W. B. Donoghtte, Ottawa, Canada (written discussion). — The cost of fuel in 
reverberatory smelting constitutes about half of aU smelting charges, so in the advance 
of fuel economy lies a splendid opportunity for metallurgical research and a possible 
reduction in smelter costs. 

During my employment on reverberatory operation I became more and more 
concerned wdth the heavy losses of heat due to radiation from the roof and to a less 
extent from the walls of the furnaces, and I concluded that if this loss could be pre- 
vented or controlled a material saving could be effected. The authors refer to ''still 
higher temperatures in the hot zone” but the higher the temperature is in the furnace, 
the greater is the loss of heat by radiation, especially as the roof becomes thin. In 
the construction of reverberatories the walls are generally solid walls with no air 
spaces; the roofs are of solid brick construction, often quite thin and open to free air. 

The radiation loss might be improved by constructing a double roof of 8 to 12-in. 
brick or of sheet metal material, leaving an air space of 12 to 18 in, between it and the 
roof for heat insulation. It would probably be better to construct the double roof 
independent of the roof and the temperature of the air in the intervening space could 
be controlled by drawing off the heated air, which could be used for firing. Cool air 
could be drawn into the air chamber through vents at the hottest sections or around 
the slag charging hole and in that way regulate the temperature of the reverbera- 
tory roof. 

It is difficult to say whether any economy of fuel resulting from a double roof will 
compensate for the added inconvenience but it appears practical and it would be 
convenient and not expensive to experiment by constructing a double roof over one 
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section of a furnace. I am convinced however that in the economy of fuel lies a most 
attractive possibility for a further reduction in the production cost of copper. 

H. A. Grine, Clarksburg, W. Va.— Has anything ever been clone with hydraulic 
press refractories in connection with the reverberatory furnaces ? 

G. L. Oldright.—I do not know that there has. Of course, if the porosity of the 
brick could be cut dowm the creeping in of slags could be prevented to some extent. 
Various kinds of brick have been suggested for the arch— magnesite brick, mullite 
brick, which is alumina brick, and similar forms. We have referred to the use of a 
rather thick arch, but what makes brick slag is a great deal of dust at high temperature. 
The action of a brick can be judged from those two characteristics, together with the 
composition, but I know of no particular way of making a tight brick by hydraulic 
pressure. 

H. A. Grine.— There was a hydraulic press refractory put out by the Hydraulic 
Pressed Brick Co. at St. Louis. I had some experience with this in zinc-furnace lining 
and it w’orked out very well. There was much less slag penetration. 

G. C. Stone, New York, N. Y. — We have had much experience with arches, but 
not of that type. The suggestion of covering the arch and making it thicker will not 
work. It preserves the heat but destroys the arch. We tried that on spelter furnaces . 
We obtained a beautiful heat but the heat was so great that the arch would not stand. 
Hard pressed brick will stand better than an ordinary porous brick. 

We had one very curious case in which the roof would slag away and for this the 
silica brick would stand much longer than the clay brick. 

S. Rolle, Carteret, N. J. — I cannot speak for the United Verde Copper Co. but I 
heard the other day that this company is trying this very thing; it has put in a 30-in. 
roof made in two layers. 

R. M. Roosevelt, New York, N. Y. — I think that is common practice around the 
zinc business, in what we call recuperation. For at least 25 years the arches under- 
neath have been doubled, and the arch has been heated in those chambers when the 
^rch is on top. We have tried a number of different ways, and the recuperation 
simply takes the heat that goes through the arch and puts it back into the furnace 
again. It does not keep inside the furnace the heat that is originally placed there. 
If we get 8 or 10 in. of dust on top of a furnace arch, the arch is going to melt in because 
the heat has been held in there. The only way the arch can be held is by cooling. 
This double arch is a recuperation method instead of an insulation method, if I may 
be allowed to draw the distinction. 

S. Rolle. — I understand the United Verde is doing that very largely because it 
makes for easy repairs. A very thick roof can be allowed to run longer without repairs 
than a thin one and when repairs become necessary they are more easily made. The 
advantages lie in this direction rather than in heat economy. 

G- L. Oldright. — R eference 14 covers the remarks which have just been made; it 
refers to the same type of roof and the same general idea. 

G. E. Dalbet, East Berlin, Conn, — ^I wonder if there is anything in the following 
proposition: 

As the reverberatory furnaces are constructed and operated, the arch of the 
reverberatory furnace is in contact with the hottest gas, the slag or products being 
smelted, in contact with the coldest portion of the gas which is cooled by giving up its 
heat to the products being smelted. The cool gas, due to the construction of the 
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furnace, is trapped in the furnace and acts like a blanket covering the products being 
smelted. The flue gases are taken off at the top of the furnace and the hottest 
gases are drawn out. If the gas could be taken off at the level of the top of 
the bath and the cool gases be allowed to flow off and be replaced by hot gas by down- 
ward displacement, I believe that it might be possible to greatly increase the thermal 
efficiency of a reverberatory furnace. 

R. M. Roosevelt. — I think Mr. Giine has some furnaces which have been in 
operation for 24 years with the same arches, in which he has that identical thing. 

H. A. Grine. — The stack opening is low down. Those arches have been in for 
over 24 years. 

R. M. Roosevelt. — The middle walls have been rebuilt, if I remember correctly, 
a number of times, but the arches still hang there, and the temperature inside the 
furnaces gets up to approximately 1300® C. I do not know of any other furnace 
that has done so well. 

C. S. WiTHERELL, New York, N. Y. — Will Mr. Oldright tell us something 
about the effect of the mortar used for making the joints of the brickwork upon the 
slagging thereof? 

G. L. Oldright. — In laying the brick arches of reverberatory furnaces, little, if 
any, grouting is used at present. The regular practice is to lay the bricks dry and 
to sweep a little finely ground silica over their tops to fill in the cracks between them 
to some extent. The users of brick also specify that the brick should be straight 
and true, and care is taken to fit the brick together as closely as possible to lessen 
the amount of air leakage. In earlier practice, it was sometimes the custom to dip 
the brick in a thin grouting of fireclay. Such a procedure is now thought to have 
lessened the Life of the arch, but owing to changes in practice it would be difficult 
to ascribe accurately any very definite figure to this decrease. 

Our reference No. 15 gives experimental data on the lowering of the fusion point 
of pure silica by the addition of various bases. One might add to this reference a 
note that the work was continued by the author, Mr, Grieg, in the issue of the same 
journal for December, 1927. As a summary, one might say roughly, that the presence 
of a small amount of lime in the grouting is not so very harmful. The presence of 
alumina or of the oxides of sodium or potassium is bad, as it lowers the fusion point 
of pure silica very greatly. (Cristobalite, which is formed from silica at high tem- 
perature, melts at about 1710® C.) The presence of ferric oxide is much less harmful, 
if the oxides of sodium and potassium are not present. With alumina, the curve 
of temperature versus fusion point drops almost straight down from 1710® as alumina 
is added; in the case of the addition of iron the fusion poiat also drops greatly, while 
for potassium, if enough were added it would be possible to melt the silica at a few 
hundred degrees Centigrade. 

R. P. Hbtjer, Philadelphia, Pa. — What other refractories were considered for 
the service outlined in this paper? Mr. Oldright referred to muUite. Probably we 
could obtain refractories which would be better than silica brick but they might cost 
20 times as much. In this particular case, would not the cure be worse than the 
disease? Our present silica brick have a fusion point of about 1700® C. They 
retain their structural strength upon heating to within a very few degrees of their 
actual melting point. The recent work of Grieg^^ has shown that silica is remarkably 
resistant to the corrosive attack of FeO and similar oxides due to the phenomenon 
of immiscibility of the liquid slags formed. This paper shows that silica brick have 
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caused the failure of a furnace roof at 1430® C. The operation of this furnace was 
attended by the impingement upon the roof of flame and dust arising from the ore 
charge. Perhaps the solution of the problem is as much an engineering matter as 
it is a matter of refractories. 

G. L. Oldright. — In the paper we said that the smelter men tell us “the brick 
are pretty cheap and mighty good, and give some mighty long lives.” The object 
of this paper is to show the refractory makers, and also the users of brick, that if we 
can get a brick that will stand higher temperatures, we can increase the intensity of 
combustion and thereby raise the temperature for smelting and lower costs. If I 
knew w’hat particular brick would do this, I should be very glad to reveal it. 

I have given some general suggestions on cutting down the amount of dusting, 
but the diminution of dusting w^ill only increase the life of the brick at present oper- 
ating temperatures, I doubt very greatlj’’, unless the dust could be absolutely cut 
out instead of only being diminished, whether the use of very much higher operating 
temperature w’ould be permissible, because the causes that have been described by 
which the slag penetrates up through the brick would still hold, and of course with 
a higher temperature less base is needed to satisfy the acid. 



Forraation and Decomposition of Zinc Ferrite* 

By Carl E. SwARTzf and Francis C. Krauskopf,J Madison, Wis, 
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Metallurgists differ considerably in their opinions regarding the 
effect, if any, of small amounts of iron pyrites, or other iron compounds 
on zinc sulfide ores during the roasting operation. As a result, the 
literature on this subject expresses many conflicting ideas. 

The ore, previously crushed to pass through a 1-mm. screen, dries in 
the roasting khn, losing water up to 200° to 300° C. At 150° C. iron 
pyrites begin to lose sulfur. As the temperature increases, while the 
ore is passing to the hotter part of the furnace, the sulfur burns to 
sulfur dioxide, leaving the metals as zinc oxide and ferric oxide. These 
two substances then interact to form zinc ferrite, a compound, yellow 
brown in color, having the general characteristics of a spinel. Like 
magnetite, another spinel, zinc ferrite is insoluble in alkalis and dilute 
acids. As a result, when leached with 10 per cent, sulfuric acid solution, 
zinc values tied up in this compound remain behind. 

History 

In the electrolytic recovery of zinc from its ores, the roasted ores are 
usually leached with a 10 per cent, sulfuric acid solution. When the zinc ore 
contains iron pyrites as an impurity in an appreciable amount, the actual 
yield of metallic zinc is much lower than a theoretical calculation would 
indicate. Further, losses of zinc are, in a rough way, directly propor- 
tional to the amount of iron pyrites or other iron compounds present. 
When the iron is present in the ore in an isomorphous relation to the zinc, 
as in the case of a marmatite, a greater amount of zinc remains insoluble 
than when present as a true pyrite or marcasite. Work on the insoluble 
residues obtamed from leaching of the calcines shows that the zinc lost is 
intimately tied up in this residue. Some investigators have suggested a 
definite compound, such as zinc ferrite; others merely a mixture of zinc and 
iron compounds. 

As early as 1851, Pelouze^“ ^ prepared calcium ferrite by fusion of cal- 
cium oxide and ferric oxide. Ebelman,^® about the same time, prepared 
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zinc ferrite in the same manner. More recently, Hofman^®-^’ has made a 
study of zinc-roasting problems, using zinc oxide and ferrous sulfate, 
zinc oxide and ferric oxide, and zinc ores containing iron compounds. 
After the samples were heated, in a porcelain crucible, with a Bunsen 
burner, and were cooled, the mixture was leached with ammonium sesqui- 
carbonate. The amount of zinc oxide remaining in the insoluble residue 
seemed to indicate that no definite compound was formed. Hofman 
found that the time of heating need not be greater than 1 to 2 hr. His 
conclusion that no definite compound was formed was probably due to 
the fact that the oxides were neither ground to sufficient fineness nor 
given sufficient chance to become intimately mixed. 

In 1908, Wells^®^ prepared zinc ferrite by evaporating to dryness a solu- 
tion of zinc sulfate containing iron salts in var 3 dng proportions, and 
heating this residue to a temperature of 800® to 900° C. for 2 hr. The 
zinc oxide unaffected by the reaction was leached out with Low’s reagent.^ 
The insoluble material was shown to contain zinc oxide and ferric oxide 
in the proportion represented by the formula Zn (Fe02)2. Wells con- 
cluded that in the roasting of zinc ores containing iron pyrites it is practi- 
cally impossible to prevent the formation of zinc ferrite. 

The following year Hilpert^®^ examiued anumber of compounds having 
the general formula, M" 0 .Fe 203 including zinc ferrite. The ferrites 
were prepared by the fusion of the requisite oxides. 

In 1912, using ferruginous zinc ores, HommeF^^ came to the conclusion 
that the formation of ferrites was due to faulty working of the ore dur- 
ing roasting. 

The most recent work on this subject was done by Hamilton, Murray 
and McIntosh. They found that zinc oxide and iron oxide combined 
at temperatures above 649° C. in the proportion of one molecule of zinc 
oxide to one of iron oxide. 

These references show that opinions are conflicting as to the possible 
formation of a compound between zinc oxide and iron oxide, and that 
there is considerable doubt concerning the composition of such a 
compound even if one is formed, as well as concerning its tempera- 
ture of formation. 


Materials and Apparatus Used 

The ferric oxide and zinc oxide used in these experiments were chem- 
ically pure. The magnesium oxide was U. S. P. The calcium hydroxide 
was prepared from burnt marble by slacking and drying. The zinc ore, 
from southwestern Wisconsin, was obtained from the Department of 
Metallurgical Engineering of the University of Wisconsin. 


• Low’s reagent consists of a solution of 200 g. of ammonium chloride in 500 e.c. 
of ammonium hydroxide (sp. gr. 0.9) and 750 c.c. of water. 
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The materials were all ground and passed through 100-mesh screens. 
The samples then were mixed by rotating for a number of hours in a bottle 
about 4 in. in diameter and 8 in. high. The bottle was fastened between 
two disks so that it could rotate about its longer axis. 

The samples were heated in fused silica trays in an electric muffle 
furnace of the resistance type which had a built-in rheostat for temper- 
ature control. The temperature of the furnace was determined by means 
of a chromel-alumel thermocouple. 

F0EMji.TI0N OP FeREITES 
Zinc Ferkite 

Zinc oxide and ferric oxide were separately passed through a 100- 
mesh sieve. Varying amounts of these oxides were thoroughly mixed in 
the rotary mixer, to get intimate contact between the particles. The 
mixtures were then heated at various temperatures and for various lengths 
of time in the electric muffle furnace. After this heating the samples 
were analyzed for ferric oxide and soluble and insoluble zinc oxide. Solu- 
ble zinc oxide is that which can be extracted with Low^s reagent. 

Influence of Variation in Concentration of Zinc Oxide on Formation of Zinc 

Ferrite 

Various amounts of the sifted zinc oxide and ferric oxide were weighed 
out and mixed in the rotary mixer for 12 hr. Samples were then heated 
in the muffle for 12 hr. at 850° C. 

A sample of the calcined mixture weighing one gram was extracted with 
Low’s reagent. The soluble portion was analyzed for zinc. Zinc and 
iron were determined in the residue. 

Before heating, the mixture was 100 mesh in size. Its color was that 
of ferric oxide, a distinct red. After heating, the mixture was yellow 
brown in color and was slightly coarser than 100 mesh. The mass did 
not fuse at these low temperatures but remained in the granular condition. 
All of these experiments were carried out at temperatures several hundred 
degrees below the melting point of any one of the constituents. 

■ The results of this series of experiments are shown in Table 1. 

Since the analysis of the samples showed the residue insoluble in Low’s 
reagent to be composed of one mole of zinc oxide to one mole of ferric 
oxide, the zinc ferrite forrhed was assumed to have the formula Zn (Fe02)2. 
A compound of this composition was always formed when zinc oxide and 
iron oxide were heated at 850° C. for 12 hr., regardless of the proportion 
of the oxides used. 



4G8 formation and decomposition op zinc ferrite 

Table 1. — Formation of Zinc Ferrite hy Using Various Proportions of Zinc 

Oxide and Ferric Oxide 



Proportions 

Used (Moles) 

' 

Analysis 


Molal Ratio in 
Residue 

Sample 

Number 

ZnO 

FeaOa 

, ZnO 
! Soluble, 
i Grams 

ZnO , 
Insoluble, 
Grams 

FeaOa, 

Grama 

ZnO 

Fe203 

1 

H 

1 

none 





2 

4 

1 

0.4827 

0.1649 

0.335 i 

1 

1.05 

3 

32 

1 

: 0.9137 

0.030 

0.058 i 

1 

0.99 

4 

256 

1 

j 0.9094 

0.0293 1 

0.0559 

1 

0.97 

5 

400 

1 

: 0.9672 

0.0101 i 

0.0202 

1 

1.01 


Influence of Variation in Heating Temperature on Formation of Zinc 

Ferrite 

In this series of experiments sifted zinc oxide and ferric oxide were 
weighed out in proportion of 64 moles^ of zinc oxide to one of ferric oxide, 
then thoroughly mixed in the rotary mixer. Portions were heated for 
3 to 4 hr. in the niufHe at temperatures varying from 540® to 1000® C. 
The material did not .undergo any change until a temperature of 650® C. 
was reached, when there was a color change to a yellow brown. Up to 
this temperature, qualitative examination showed no insoluble zinc oxide, 
so it was assumed that there was no reaction below this temperature. 
From 650® to 1000® C., the mixture did not undergo further change in 
color or general appearance and all samples showed insoluble zinc oxide. 
The last sample of the series was analyzed and the insoluble portion was 
found to contain zinc oxide and ferric oxide in the proportion of one mole 


Table 2. — Formation of Zinc Ferrite at Various Heating Temperatures 


Sample 

Number 

Temperature 
of Heating, 
Degrees C. 

Time of | ZnO 
Heating, | Soluble, 
Hours { Grams 

1 

ZnO 

Insoluble, 

Grams 

Fe20j, 

Grams 

Molal Ratio in 
Residue 

ZnO 

FeaOj 

1 

560 

4 1 

none 




2 

600 

^ ; 

none 




3 

! 640 

: 3 ' 

i none 




4 

i 650 

2 ; 0.9288 

0.0315 

0.0614 

1.00 

0.99 

5 

750 

2 ‘ 





G 

900 

2 1 

1 




7 

925 . 

2 i 





S 

975 

2 : 0.9214 

0.0302 

0.0600 

1.00 

1.01 


® The proportion of one mole of ferric oxide to 64 moles of zinc oxide was selected 
in order to insure the presence of sufficient zinc oxide in contact with the iron oxide to 
cause a complete reaction to take place with respect to ferric oxide present. 
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to one mole, showing that zinc ferrite was formed and that its composition 
was independent of its temperature of formation through this temper- 
ature range. 

Table 2 shows the results of these experiments. In each case a one- 
gram sample was used for analysis. 

Influence of Variation in Time of Heating on Foi'mation of Zinc Ferrite 

Zinc oxide and ferric oxide, previously sifted through 100 mesh, were 
weighed out in the proportion of one mole of ferric oxide to 64 moles of 
zinc oxide and mixed thoroughly in the rotary mixer. After mixing, a 
sample was analyzed qualita'tively for insoluble zinc oxide and found to 
contain none. The mixture was then put in the electric muffle furnace at 
850° C. The temperature was held constant and samples were removed 
at intervals up to 100 hours. 

At the end of one hour a sample was removed. No zinc oxide was 
found in the insoluble portion, which was probably due to the fact that 
the furnace was cooled down by introducing a large mass of cold material 
so that it did not reach the reaction temperature again by the end of the 
first hour. At the end of the second hour a sample of the mixture was 
removed. Extraction of the mixture was made with Low’s reagent, 
and the residue from this leaching was analyzed for zinc and ferric oxides 
as before. The molal ratio between these two was again found to be one 
to one. The last sample of the series, which was in the muffle furnace 
for 96 hr., was analyzed and found to be of the same composition as the 
sample taken at the end of the 2-hr. period. The color of these two sam- 
ples, as well as their analysis, was the same, and since the color of the 
intermediate samples was also the same, the intermediate samples were 
assumed to be of the same composition and were not analyzed. The 
experiments show the composition of zinc ferrite to be uninfluenced by 
length of heating between the time limits of the experiment. 

Table 3 gives the results of this series of experiments. In each case a 
one-gram sample was used for analysis. 


Table 3. — Formation of Zinc Ferrite, with Various Lengths of Healing 

Periods 


Sample 

Number 

Tei^erature 
of Heating^ 
Degrees C. 

Time of 
Heating, 
Hours 

ZnO 1 
Soluble, 
Grams 

1 ZnO 
Insoluble, 
Grams 

Fe20j, 

Grams 

1 Molal Hatio in 

[ Besiduo 

1 

ZnO 

FejOa 

1 

0 

0 


none 




2 

850 

! 1 


none 




3 

850 

2 

0.9210 

0.0284 

0.0555 

1.00 

0.99 

4 

850 

1 

96 

0.9219 

0.0283 1 

0.0555 

1.00 

0.99 
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Cadcittm Feekite 


Since ferric oxide and zinc oxide react to form a definite compound 
zinc ferrite — at temperatures below their fusion temperature, it was 
thought that possibly calcium oxide and ferric oxide would interact at 
a low temperature also, since calcium ferrite had previously been prepared 
bv fusion of the oxides. If calcium oxide and ferric oxide did form a 
compound calcium ferrite, this compound might also be formed by the 
interaction of zinc ferrite and calcium oxide, forming free zinc oxide at 
the same time. Zinc oxide could then be leached out in the ordinary 
metallurgical process. 

To determine whether or not this reaction between calcium oxide and 
ferric oxide did take place in the dry state below the fusion temperature, 
ferric oxide and calcium hydroxide, screened as previously described, 
were mixed intimately in the proportion of 1 mole of ferric oxide to 
2 moles of calcium hydroxide. Portions of this mixture were heated at 
temperatures varying from 500° to 950° C. for periods of about 12 hr. 
At 900° C. there was a color change from a light to a much darker red. 
A number of experiments were made at this point to find a reagent suit- 
able for leaching free calcium oxide away from that combined as calcium 
ferrite. Solutions of acetic acid varying from 1 to 5 per cent, were pre- 
pared. A portion of each solution was used to treat samples of calcium 
oxide, calcium ferrite, calcium carbonate and ferric oxide. Each solution 
was brought to the boiling point and held there for from 10 to 20 min. 
The calcium carbonate and calcium oxide were not readily soluble except 
in the 4 and 5 per cent, solutions. The ferric oxide was insoluble in all of 
the solutions. The calcium ferrite seemed to be unattacked by the 
reagent. Consequently, 4 per cent, acetic acid was selected as the 
reagent for dissolving free calcium oxide. 


Tabde 4. — Calcium Ferrite 


Sample 

Number 

1 Number of 

Insoluble CaO, 

FesOs, . 

Molal Ratio in Residue 

1 Extractions 

Grams 

, 

Grams 

CaO 

FeaOa 

1 

1 (below b.p.) 

! 0.2014 

0.7030 

1.00 1 

1.22 

2 

1 (below b.pO 

0.2012 

0.6941 

1,00 

1.24 

3 

1 (at b.p.) 

0.1152 

0.6956 

1.00 

2.12 

4 : 

1 (at b.p.) 1 

0.1152 

0.6956 

1.00 

2.12 

5 

2 (at b.p.) 

0.0624 

0.6674 

1.00 

3.76 

6 

2 (at b.p.) 

0.0688 

0.6674 

1.00 

3.34 

7 I 

3 (at b.p.) 

trace 




8 1 

1 

3 (at b.p.) 

trace 
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The sample which had been heated at 900° C. was then analyzed 
quantitatively, using 4 per cent, acetic acid for extraction. The soluble 
and insoluble portions wore analyzed, the results showing that if a com- 
pound is formed it is unstable toward acetic acid. (See Table 4.) 

MAGNESitJit Ferrite 

Magnesium ferrite was formed in a manner analogous to the method 
used in the formation of zinc ferrite. Screened magnesium oxide and 
ferric oxide were weighed out in proportion of one mole of ferric oxide to 
24 moles of magnesium oxide, heated in the muffle, and analyzed. Analy- 


Tablb 5. — Magnesium Ferrite 


Sample 

Number 

Proportions 
■Used CMoles) 

Temi>erature 
of Heating, 
Degreea C. 

Time of 
Heating, 

Analysis Insoluble 

1 Ratio in Insoluble 

1 Portion 

MgO 

FeaOs 

Hours 

1 

i 

MgO, 

Grams 

FeaOs, 

Grams 

1 1 

1 MgO 

FeaOs 

1 

24 

1 

1 

700 1 

I 

! 18 

0.0424 

0.1692 

1.00 

1.01 

2 

24 

1 

975 

12 

1 

0.0409 

0.1711 

1.00 

1.05 


sis of these samples was carried out in practically the same manner as 
that of the samples analyzed in connection with the formation of zinc 
ferrite. The results, using one-gram samples, are shown in Table 5. 


Decomposition op Zinc Ferrite 

It has been shown that when zinc oxide and ferric oxide are in intimate 
contact with one another at or above 650° C., a compound is formed. 
If maximum extraction of zinc from roasted ores is to be had, it is neces- 
sary to decompose any zinc ferrite that may form. When magnesium 
oxide, and probably when calcium oxide, is heated with ferric oxide a 
reaction takes place; therefore, it was thought that a substitution might 
take place, if calcium oxide or magnesium oxide were heated with zinc 
ferrite. The theory was that the zinc oxide combined in the zinc ferrite 
would be freed by the substitution of calcium or magnesium oxide, and 
that the zinc oxide could be leached out of the mixture leaving the calcium 
or magnesium ferrite insoluble in Low’s reagent. 

Thus, in roasting ores containing zinc and iron compounds, the addi- 
tion of magnesium oxide would prevent the formation of zinc ferrite 
and the yield of zinc would approach more nearly the theoretical. 

Introduction of Calcium Oxide 

In this series of experiments, two compounds of calcium which would 
yield the oxide on heating were used; namely, calcium carbonate and 
calcium hydroxide. 
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Zinc ferrite and calcium carbonate were screened through 100-mesh 
screens, mixed thoroughly and heated in the muffle at 850° C. for 12 hr. 
When they were removed from the furnace, it was found that the color 
had changed from a yellow brown to a dull grayish black. Qualitative 
examination showed that all of the calcium carbonate had not decom- 
posed. In view of this fact, it was thought best to use calcium hydroxide 
in the decomposition reactions rather than calcium carbonate, as more 
calcium would thus be available for the reaction. 

Calcium hydroxide was accordingly substituted for the carbonate in 
the above procedure. After heating at 950° C. for 100 hr., much the 
same color change had taken place. Closer inspection revealed small 
yellow brown specks throughout the mass, similar in color to the original 
mixture. This color change indicated that a reaction had taken place. 

Qualitative analysis showed that some of the zinc oxide, which before 
roasting made up the zinc ferrite, could now be leached out either with 
Low’s reagent or 4 per cent, acetic acid solution. Quantitative determin- 
ations, as shown in Table 6, were made. 


Table 6. — Analysis of Samples of Zinc Ferrite Heated with Calcium 

Oxide 


1 

^Sample 

1 

1 Proportion Used, 

1 Grams 

1 

i 

Soluble 

ZnO, 

1 

1 

Soluble 
CaO, ' 

1 

1 

Insoluble 

1 CaO, 

Insoluble 

ZnO, 

FcaOj, 

Grams 

1 

Zn 

Recovered, 
Per Cent. 

1 


1 CaO 

ZrL(Fe02)2 

1 Grams 

1 

Grams 

1 Grams 

1 ' 

! Grams 

1 

1 

50 

105 

0.0548 

0.2328 

trace 

0.1781 

1 

i 0.5255 

23.5 

2 

50 

105 

0.0580 

0.2344 

trace 

0.1679 

0.5301 

25.7 

3 

50 

50 1 

0.1614 


trace 

0.0246 

0.37G0 

86.8 

4 

50 

50 

0.1639 


trace 

1 

0.0245 

0.3713 

87.0 


In the last column, headed “ Zn recovered, per cent.,” is shown the per- 
centage of zinc oxide that was freed from zinc ferrite by calcium oxide. 
This is found by dividing the soluble zinc by soluble zinc plus insol- 
uble zinc. 

In the column headed “Proportions Used” are given the amounts of 
material that were weighed out roughly before mixing. It will be noted 
that in all cases an excess of calcium oxide over that necessary for the 
displacement action was used. For instance, in the first case 50 g. of 
calcium oxide were used to 105 g. of zinc ferrite. This is roughly two 
moles of calcium oxide to one mole of zinc oxide combined as zinc ferrite. 
This procedure was followed in order to make the reaction more com- 
plete if possible. In reactions of this type, no reaction will take place 
unless the reacting substances are in actual contact with one "another. 
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Introduction of Magnesium Oxide 

Magnesium oxide and zinc ferrite ground to 100 mesh were mixed 
thoroughly and heated in an electric muflSe. No color change was noted 
after heating. Analysis showed that some of the zinc oxide, which before 
heating made up zinc ferrite, was now free and could be leached out with 
Low’s reagent, whereas some of the magnesium oxide, all of which was 
originally soluble in Low’s reagent, was now insoluble. Analysis showed 
that one molecule of zinc oxide was replaced in this reaction by one 
molecule of magnesium oxide. However, the reaction was by no means 
complete, as can be seen in Table 7. 

In addition to the above-described samples made up from pure 
materials, a sample of zinc ore was also studied in relation to the increase 
in recovery of zinc by addition of magnesium oxide. The ore, a sphalerite 
containing 40 to 50 per cent, of iron pyrites, was ground to 100 mesh and 
roasted in the electric muffle. When it was placed in the furnace, the 
temperature was 400° C. A temperature of 400° to 500° C. was main- 
tained for 24 hr. and then raised gradually to a maximum of 950° C., 
where it was held for 100 hr. A second sample thoroughly mixed with an 
equal weight of magnesium oxide was treated as nearly as "possible in the 
same manner. These mixtures were analyzed by the method used with 
zinc ferrite and calcium oxide. The results of the experiments are shown 
in Table 9. 


Table 7. — JEtfect of Magnesium Oxide on Recovery of Zinc 


Sample 

Number 

Proportion Used, 
Grams 

1 

Insoluble 

ZnO, 

Grams ' 

Insoluble 

MgO. 

Grams 

FesO*. 

Grams 

Total 

(Calculated) 

ZnO 

Per Cent. 
Replace- 
ment 

MgO 

Zn(re02)i 

1 

10 

50 

1 0.1849 = 

0.0576 : 

0.5698 ! 

0.3031 ! 

38.6 

2 

17 

50 

0,2056 1 

0.0386 . 

0.5518 

0.2836 

27,5 

3 

50 

50 

i 0.1268 1 

0.0381 j 

0.3948 

0.2038 

37.8 

4 

125 

50 

i 0.0951 i 

0.0271 ’ 

0.2914 

0.1498 ! 

36.5 


In Table 7, the column headed “Total ZnO (calculated)” was calcu- 
lated by finding the amount of zinc oxide that is chemically equivalent 
to the insoluble magnesium oxide. To this was added the insoluble 
zinc oxide. We thus have the amount of zinc oxide originally combined 
with the ferric oxide. 

In addition to mixtures of magnesium oxide and zinc ferrite, a mixture 
of zinc oxide, ferric oxide and magnesium oxide was heated. The zinc 
oxide and ferric oxide were present in the proportion of 1 mole to [l 
mole, so that we have in reality a mixture which on heating will give zinc 
ferrite. In addition, the magnesium oxide was added in the proportion 
of 1 mole of zinc oxide to 2 moles of magnesium oxide. In other 
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words, this sample was the same as Sample 2 of Table 7. There is more 
soluble zinc oxide in this case than when magnesium oxide was heated 
with zinc ferrite; this is probably due to better mixing and better contact 
in case of the three oxides than where zinc ferrite was heated with magne- 
sium oxide. Consequently there is more chance for a reaction to 
take place. 

Table 8 shows the results of heating a mixture of zinc oxide, magne- 
sium oxide and ferric oxide at 900° C. 


Table 8. — Results of Heating a Mixture of Three Oxides 


Proportions Used, 
Grams 

MgO ZnO FeaOs 

1 

Tempera- ^ Insoluble 
ture, ' ZnO, 

- Degrees C.I Grams 

Insoluble 

MgO, 

Grains 

i FeaOa, 
j Grams 

1 Total 

1 Calculated, 
j ZnO* 

Per Cent. 
Replace- 
ment 

17 I 17 ; 33 

, ! 

900 ; 0.1531 

0.0549 

0.5226 

0.264 

41,6 


Table 9. — Results of Roasting Samples of Zinc Ore 



Insoluble 

ZnO, 

Grams 

FeaOs, 

Grains 

Soluble 

ZnO. 

Grams 

Per Cent. 
Recovery 

Raw ore 

i 

0.0382 

0.1293 

0.0758 

66.5 

Ore and MgO 

1 

0.0248 1 

i 0.1283 

0.0918 

78.7 


Table 9 shows the results of experiments on the zinc ore. Sample 1 
consisted of the raw ore alone. Sample 2 consisted of the raw ore roasted 
with an equal weight of magnesium oxide. Since the quantities of ore are 
the same in each sample, the percentage replacement of zinc oxide by 
magnesium oxide in the insoluble will be shown by the decrease of insol- 
uble zinc. Thus we have 


0.0382 - 0.0248 
0.0382 


= 35 per cent. 


Heating Zinc Ferrite under Pressure with Sodium Hydroxide 

Solution 


Another possible method of decomposition of zinc ferrite suggested 
itself. It was thought that zinc ferrite might be somewhat soluble in 
sodium hydroxide solution under pressure. If this were the case the zinc 
ferrite would dissolve slightly in sodium hydroxide solution, with which 
it would immediately react to form ferric hydroxide, which is insoluble, 
leaving sodium zincate in solution. 

A sample of zinc ferrite was suspended in a 25 per cent, sodium 
hydroxide solution in an autoclave and heated 2 hr. at 70 lb. pressure 
(150° C.). After cooling, the solution was analyzed qualitatively for 
zinc, which was not found; therefore no zinc ferrite had been decomposed. 
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Methobs of Analysis 
Chemical Methods 

In looking over the literature, it was found that practically all of the 
investigators had used Low’s reagent as an extracting agent for so-called 
soluble zinc. Hofman recommended ammonium sesquicarbonate as an 
extracting agent superior to others. Preliminary experiments described 
in this paper showed that Low’s reagent was satisfactory, hence it was 
used throughout the investigation. 

Since free calcium oxide could not be dissolved in Low's reagent, this 
solvent could not be used where free or combined calcium oxide was being 
determined. In this case a 4 or 5 per cent, acetic acid solution was tried, 
as described above. One objection to this reagent was that it formed a 
colloidal solution very easily with the materials treated. Often this gave 
considerable trouble, by necessitating refiiltration or discarding of the 
sample because of inability to wash the precipitate sufficiently to remove 
mechanically occluded soluble matter. 

The following procedure was found more satisfactory in dealing with 
the acetic acid extraction, as a satisfactory separation of soluble from 
insoluble matter could be secured. After heating the sample just to 
the boiling point with acetic acid containing 5 per cent, ammonium 
chloride, the suspended matter was allowed to settle. The liquid was 
decanted off as completely as possible. A second extraction was made 
in the same manner, and the liquid added to the first extraction. This 
solution was then evaporated to one-half its original volume. The solid 
matter was again treated with 4 per cent, acetic acid solution and a few 
grams of solid ammonium chloride added. After boiling 5 to 15 min., 
the solution was filtered through a Gooch crucible, through which the 
first extractions had been filtered. By this method, a clear filtrate was 
always obtained. 

When free magnesium oxide was present, it could be extracted with 
the soluble zinc by the use of Low’s reagent. 

X-RAY Spectrograph Method 

While the methods of chemical analysis described above seemed to 
indicate that definite compounds were formed in the cases indicated, 
chemical analysis cannot be considered absolute proof. Certain physical 
constants should be studied which will differentiate, in themselves, 
between the constituents that go to make up the supposed compound and 
the compound itself. 

In the case of ferrites, one property that immediately suggested itself 
was the arrangement of the atoms, which is different in every group of 
compounds. This property is made use of in X-ray spectrography, which 
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shows the atomic arrangement or space lattice as a definite pattern on the 
photographic plate. 

Accordingly, X-ray spectrographs were made of the materials used in 
these experiments. Since every group of compounds has its own type of 
spectrographic pattern, the oxides making up the ferrites should have 
patterns different from the patterns of the ferrites, if such a compound 
was present. If a ferrite did not form, we should get a pattern made up 
of the combined patterns of the two oxides. Examinations of the X-ray 
spectrographs taken of the insoluble residue from heating zinc oxide and 
ferric oxide showed a pattern entirely different from that of either zinc 
oxide or ferric oxide. Hence a new compound zinc ferrite had formed. 
Since the old lines of zinc oxide and ferric oxide patterns were absent, it 
showed that, with the exception of amounts of impurities so small as not 
to be detected, the only thing in the insoluble residue was a compound of 
zinc ferrite; that is, there was no uncombined ferric oxide. The same 
thing was true of the residues from heating calcium oxide and ferric oxide, 
magnesium oxide and ferric oxide. Occasionally, very faint lines of an 
oxide pattern were observed, showing that all of that particular oxide had 
not been extracted. 

In the case of zinc ferrite and magnesium ferrite, we have a typical 
spinel pattern. In the ease of calcium ferrite, we have a different pat- 
tern, showing that calcium ferrite does not belong to the spinels. Since 
the chemical analysis for the various insoluble residues obtained agree 
within themselves, and since we have a spectrograph pattern differing 
from the pattern of the constituents, it may be definitely and positively 
stated that compounds have been synthesized which are magnesium 
ferrite, MgCFeOj)*, and zinc ferrite, Zn(Fe 02 ) 2 . 

Discussion of the X-ray Spectrograph Plates 

The lines shown at the left end of the pattern are made by light rays 
of the least angle of reflection. They are much more distinct but at the 
same time less characteristic because of the small angle of deflection and 
consequent closeness of lines of different patterns. The lines in the 
middle and right end of the plates are made by light rays with greater 
angle of reflection. These lines are much less distinct and at the same 
time more characteristic of the substance. For instance, a superficial 
examination of the pattemg of zinc ferrite. Fig. 2, and magnesium ferrite, 
Fig. 3, will show at first no difference in the patterns, as they are both 
spinels and consequently show the spinel pattern. Closer examination, 
however, will show a difference, not in number of lines or spacing arrange- 
ment but in the distance between the lines. This is more noticeable at 
the right end of the plates. It will be seen that the lines are farther apart 
in the magnesium ferrite than in the zinc ferrite pattern. This is inter- 
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Figs. 1-3. — X-ray diffraction spectra of franklin its, zinc oxide, and zinc, magnesium and calcium ferrites. 
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prefced as meaning that in magnesium ferrite 
the magnesium atom occupies slightlj' less 
space in the space lattice than does zinc in 
the zinc ferrite lattice. 

In Fig. 1, we have the pattern of the 
mineral Franklinite, the natural zinc ferrite. 
Franklinite is a spinel. The spectrograph 
shows the characteristic spinel pattern. 
Comparing this pattern with the artificial 
Franklinite or zinc ferrite, Fig. 2, prepared 
in these experiments, we see that, as far as 
can be observed, the patterns are identical. 
Magnesium ferrite, as mentioned above, is 
also a spinel showing the same character- 
istic spinel arrangement. On the other 
hand we have calcium ferrite (Fig. 3), a 
compound similar from a chemical stand- 
point, having a pattern of an entirely 
different type. Calcium ferrite is therefore 
not a spinel. The explanation at present 
offered is that the calcium atom, having a 
volume of 21 cubic Angstroms, is entirely 
too large to go into the spinel space lattice. 

If the patterns of the various com- 
pbunds that have been synthesized are 
compared with the patterns of the con- 
stituents used in their synthesis, they will 
be found to be absolutely different. For 
instance, compare the pattern of zinc ferrite. 
Fig. 2, with the patterns of the materials 
from which it was synthesized — zinc oxide, 
Fig. 2, and ferric oxide. Fig. 4. Also 
compare magnesium ferrite, Fig 3, with 
magnesium oxide, Fig. 5, and ferric oxide; 
and calcium ferrite, Fig. 3, with calcium 
oxide. Fig. 6, and ferric oxide. This shows 
that new compoimds have been formed. 

Fig. 7 shows a comparison of the zinc 
ferrite pattern with the pattern made by a 
mixture of ferric oxide with an excess of 
zinc oxide, which has been heated but from 
which the soluble zinc oxide has not been 
extracted. 



Fig. 7. — X-RAY DIFFRACTION SPECTRA OP PURE ZINC FERRITE, AND ZINC FERRITE -WITH EXCESS ZINC OXIDE, 
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This gives a pattern of zinc femto and also a pattoin of zinc oxide 
caused by the excess of zinc oxide. 

General Discussion 

When two oxides of different degrees of basicity or acidity are brought 
into intimate contact at or above their initial reaction temperature, a 
reaction will take place, forming a salt. One of the oxides acts as a base 
and the other as an acid, much as in the ordinary type of aqueous neutral- 
ization reaction, except that no solvent enters into the reaction. We have 
then a basic oxide, such as zinc oxide or magnesium oxide, reacting with a 
less basic or more acidic oxide, ferric oxide, to form a salt: 

ZnO “b FejOa — ZnOFeaOs or Zn(Fe02)2 
CaO "b FejOs = Ca(I'e02)2 
jVTgO “b Fe203 = ]V4g(Fe02)2 

If an excess of zinc oxide, calcium oxide, or magnesium oxide is present, 
the oxide remains free in the mixture and a more basic compound does 
not form. 

2ZnO + FesOa = Zn(Fe 02)2 + ZnO 

No reaction appeared to take place between zinc oxide and ferric 
oxide at temperatures below 650° C. When the reaction did take place 
there was a color change; also a slight enlargement in particle size 
was noted. 

The rate of reaction appeared to be quite rapid after the initial tem- 
perature of reaction was reached. 

In decomposing zinc ferrite, two entirely different types of reaction 
appeared to take place, depending on whether calcium oxide or magnesium 
oxide was used as decomposing agent. When magnesium oxide was 
used, the following equilibrium reaction occurred: 

Zn(Fed 2)2 +■ MgO ±5 ZnO + Mg(Fe02)2 . 

Analysis showed that before the mixture of zinc ferrite and magnesium 
oxide was roasted, all of the magnesium was soluble. After roasting, 
part of the zinc was soluble and part of the magnesium was insoluble. 
Quantitative examination showed that for every molecule of zinc oxide 
rendered soluble, one molecule of magnesium oxide became insoluble. 
This shows that a simple replacement reaction occurred, which would be 
expected from present theories of crystal structure. The zinc atom and 
the magnesium atom are practically the same size, zinc being 9.7 cubic 
Angstroms in volume and magnesium being 12. Hence these atoms can 
replace each other very easily without disrupting or distorting the space 
lattice. The X-ray spectrograph shows zinc ferrite and magnesium fer- 
rite to be almost identical. Hence we would expect the simple replace- 
ment reaction which is observed. 
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When calcium oxide was used as the decomposing agent, the follow- 
ing reaction apparently occurred: 

Zn ( 1 ^ 002)2 *4“ CaO -t— ^ ZnO 4" CaO 4” Fe 203 

That this reaction did occur is difficult to prove, as the decomposition 
was in no case complete. There w'as a color change from a light brown 
to a dull gray black. Since calcium ferrite is a red brown in color, its 
formation would not account for the color. A compound of zinc oxide 
and calcium oxide, calcium zincate, is white. Since there is no calcium 
in the insoluble portion of these samples after extraction with acetic acid 
solution, and since part of the zinc is leached out by the acetic acid, the 
only other explanation is to consider that free ferric oxide is formed in 
the reaction. According to Mellor,^^®^ the color of ferric oxide depends 
largely on its temperature of formation and its state of subdivision. 
When zinc ferrite decomposes, the ferric oxide resulting would quite 
naturally be in a very fine state of subdivision and hence darker in color 
than when larger particles are present. When the leaching action takes 
place, the color changes from gray black to hematite red, probably due to 
an increase in particle size. 


Summary 

Several compounds have been synthesized by heating the constituent 
oxides in intimate contact at temperatures from 650° to 950° C. 

Zinc ferrite, artificial Franklinite, Zn(Fe02)2, was prepared by heat- 
ing an intimately mixed powder of zinc oxide and ferric oxide at or above 
650° C. The reaction is rapid, being complete at the end of 1 or 2 hr. 
Continued heating, or higher temperatures of heating, does not affect the 
formation of the compound. Zinc ferrite is a yellowish brown powder, 
non magnetic when formed by this method. It is insoluble in alkalis 
and dilute acids but soluble in concentrated hydrochloric acid. 

Magnesium ferrite, Mg(Fe02)2, may be prepared in an analogous 
manner. Its properties are practically identical with those of zinc ferrite. 

Calcium ferrite was prepared in the same manner as the above except 
that calcium hydroxide, instead of the oxide, was heated with ferric oxide. 
Calcium ferrite is decomposed by boiling in dilute acid. It is reddish 
yellow and nonmagnetic. 

Zinc ferrite may be decomposed by mixing with calcium oxide or 
magnesium oxide and heating to 850° C. The reaction, however, is not 
complete at this temperature. The fact that zinc ferrite can be decom- 
posed indicates a possibility of increasing the recovery of zinc by such 
a method. 

X-ray spectrographs were made of the various compounds studied. 

VOL. 76 .— 31 . 
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DISCUSSION 

H. R. Hanley, C. Y. Clayton and D. F. Walsh, RoUa, Mo. (written discussion). 
This general subject has been considered of interest and importance by the writers 
of tliis discussion for some years, and work has been done leading to a quantitative 
expression for the influence of iron on the formation of insoluble zinc compounds 
during roasting. The main part of this work will be published in the future. 

In so far as formation of the compound ZnO.Fe20s as an entity, we are in agree- 
ment with Swartz and Krauskopf, but the results of our work on the influence of 
time and temperature on the quantitative formation of ferrite are at variance with 
these authors. 

It is realized that their endeavor was not so much the quantitative expression of 
ferrite formation with respect to time sind temperature as it was to prove the formation 
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of the compound at certain temperatures, and the decomposition of it by 
other compounds. 

Referring to Table 1, the molecular ratios of ZuO and FeoOa used are noted as 4, 
32, 256 and 400 for samples 1, 2, 3, 4, 5, respectively. These ratios may be 
calculated from the total ZnO and FesOa found by analysis, and when that is con- 
sidered these molecular ratios are found to be approximately 4, 32, 32.5 and 95, respec- 
tively, instead of the four mentioned. However, this does not change the status of 
the result, which clearly shows the molal ratio of ZnO to FesOs in the leached residue 
to be 1 to 1. 

Referring to Table 2, on the subject of the formation of zinc ferrite at various 
temperatures there is shown that 650° C. is the lowest temperature at which ferrite 
forms, whereas our results show an appreciable amount formed at 625° C. This 
table also shows that there is 100 per cent, ferrite formation at 650° C. and 975° C. 



Hours of Roers+mg of Various Temperatures 
Fig. 8. 


for a 2-hr. baking, w-hereas our results show that there is only about 3 per cent, ferrite 
formation at 650° C. and about 95 per cent, at 975° C. The detail of this deduction is 
as follows : For sample No, 4, Table 2 shows 0.0614 g. FeoOa. 

81.4 

0.0614 = 0.0312 g. insoluble Zn theoretically found. 

The amount of insoluble Zn actually found was 0.0315, which corresponds with 100 
per cent, ferrite formation. 

Our numerous results in baking molecular quantities of ZnO and Fe^Oz from 2 to 
24 hr. at from 625° to 900° clearly show that there is a progressive increase in ferrite 
with respect to both temperature and time, as may be seen in Figs. 8 and 9, plotted 
from Table 11. 

Table 3, showing the formation of ferrite ^dth various lengths of heating periods at 
850° C., shows 100 per cent, ferrite formation for 2 hr. and over, whereas we obtain 
86 per cent, for 2 hr. and about 95 per cent, for 24 hr., as may be seen in Figs. 8 and 
9. None of our work extended beyond 24 hr., but the flatness of the curves from 12 
to 24 hr. at this temperature would indicate no appreciable rise in ferrite formation 
beyond 24 hr. Our furnace was heavily insulated, controlled by a Leeds & Northrup 
potentiometer connected to a control panel. 

Figs. 8 and 9 show the quantitative formation of ferrite produced when baking 
molal quantities of ZnO and FejO® from 2 to 24 hr. at various temperatures from 
625° C. to 900° C. This formation is expressed as percentage of ferrite formed with 



Table 10. — Tests oti Series ZnO^FsoOz Showing Percentage of Ferrite Formed hy Baking 

Section ^4 

102 g. ZnO + 206 g. rouge were mixed with water triturated hr., dried to constant weight (no loss at 700° C., 3 hr.). r)-g. saini>lo.s 

baked from 2 to 24 hr. at various temperatures. No rabbling. Hump furnace Leeds & Northrop poteiitiomcior control. 

Zn in 5-g. sample = 1 .330 g. Assay total Zu = 26.60 per cent. 
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o lO rH (N IH 
(N CO 



Assay NHiCI, soluble Zu ' 23.60 17.SO I 14.50 :12.80 ill.30 ; 9.40 8.90 8.40 7.90 ! 7.60 7.20 16.90 

Solubility (100 per cent, to insolubiUty) j 88.70 66.93 54.55 '48.10 !42.50 iSo.SO 33.45 31.55 29.70 j28.55 127.05 125.92 

Ferrite (percentage of theoretic) ' 11.30 33.05 149.45 lol. 90 '57.50 .'04.70 66.90 ,68,45 70.30 71.45 ';72.95 74.08 



Section D 

Same as Section A except temperaUire, winch was increased to 750' 
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Tempererhjre of Roost, Degrees C. 
Fig. 9. 


Table 11. — Rearratigement of Figures for Plotting Ferrite Foi'mation 

against Temperaiurd^ 


Ferrite Formation, Percentage of Total, at 


Honrs Roast 


1.85 

2.55 

5.20 

6.40 

9.30 

26.30 

28.90 

29.30 

33.05 

36.05 
36.42 

37.90 


650® C. 

675° C. 

750° C. 

800° C. 

900° C. 

2.25 

11.30 

77.65 

82.72 

90.78 

7.86 

33.05 

82.15 

86.85 

92.66 

15.00 

49.45 

84.95 

88.15 

93.79 

22,10 

51.90 

86.65 

88.72 

93.79 

29.25 

57.60 

87.59 

89.10 

94.55 

48.10 

64.70 

87.59 

91.35 

95.87 

49.60 

66.90 

88.53 

92.28 

96.43 

49.60 

68.45 

89.10 

92.50 

96.63 

52.20 

70.30 

89.85 

92.66 

96.81 

54.41 

71.45 

90.59 

92.85 

97.37 

56.35 1 

72.95 

90.96 

92,85 

97.56 

56.35 

74.08 

90.96 

93.03 

97.56 
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respect to the total possible that could be formed referred to the FcaOs as a basis 
(see Tables 10 and 11). 

Nomenclature of the Compounds op Iron Acids 

There has been some confusion in the literature in regard to the appropriate 
names for compounds of iron acids. The names '^ferrite” and ‘‘ferrate'' have been 
used to designate one and the same compound in which the iron functions as the 
acid radical, whereas these names denote different stages of oxidation of the compound, 
or, expressed in another way, different valencies of the iron are represented and 
hence these substances are different compounds. Following are some of the acids, 
hypothetical or real, to which the salts may be referred: 

Hypoferrous acid, H2Fe02. Valence of Fe = 2. 

Ferrous acid, ir2Fe204. Valence of Fe = 3. 

Ferric acid, H2Fe04. Valence of Fe = 6. 

Representing these acids by the following arrangement we have : 

Hypoferrous acid, H20.Fe0 
Ferrous acid, HoO-FeaOs 

Ferric acid, HoO.FeOs 

If we foUow the nomenclature of the chromium compounds in the naming of these 
iron compounds there would not be any confusion: 

CrO = chromous oxide 

Cr203 = chromic oxide forms chromites 

CrO 3 = chromic anhydride forms chromates or trioxide 

It would appear plausible therefore to name bivalent iron FeO (acid radical) as 
hypofcrrite; the trivalent iron Si.s ferrite and the iron, with a valence of 6 as ferrate. 

The zinc compounds accordingly would have the following names: 

ZnO.FeO = zinc hypoferrite 
ZnO.Fe203 = zinc ferrite 
ZnO.FeOs = zinc ferrate 

The name “ferrite" also appears in the metallographic study of steels and denotes 
(pure) carbonless iron when it is considered as a microconstituent of steel. The 
application of the name has no significance to the compound referred to above, but 
it is deeply rooted m metallographic circles and will remain. It is unfortunate that 
there are two identical names meaning two entirely different things. The use of a 
qualifying adjective, preferably thp name of the metal combined with the iron, will 
avoid aU confusion; viz., “zinc ferrite." 

Experimental Detail Work Heating Molecular Mixtures of ZnO.Fe203 

FROM 625° TO 900° C. 

In order to obtain uniformity of the mixture of ZnO and Fe20s it became necessary 
to mix a large amount of these reagents with water and grind the paste in a large 
mortar. This paste was then dried to constant weight of 120° C. A sample was 
heated to 700° C. for 3 hr, and there was no loss in weight. Five-gram samples were 
taken for roasts, and placed in scorifiers. Every 2 hr. a scorifier was removed for 
examination. This procedure gave 12 samples, varying by 2-hr. intervals, from 2 
to 24 hr. for a specific temperature. The temperature was controlled by a Leeds & 
Northrup potentiometer cutting the current in or out as slight variations occurred 
in the furnace. The furnace used was a Leeds & Northrup hump furnace of standard 
design. Careful tests showed that no temperature gradient existed in the furnace. 
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The subject of decomposition of zinc ferrite has been treated in an interesting 
manner by Swartz and Krauskopf. The writers of this discussion have tested only 
the influence of hydrogen and SO3 and the decomposition. 


Reduction of Ferrite by Hydrogen 


The reduction of ferrite by hydrogen was determined by treating a mixture of 
ferrite and zinc dust with 4.78 per cent, sulfuric acid and comparing the amount of 
zinc dissolved with that dissolved by a straight 4.78 per cent, sulfuric acid leach of 
the same ferrite. The ferrite was made by baking a mixture of zinc oxide and ferric 
oxide at 900° G. for 6 hr. Total zinc in this mixture was 25.9 per cent. Zinc soluble 
in ammonium chloride was 1.84 per cent, and insoluble zinc was 24.06 per cent. 

In tests 1 and 2 (duplicate) 0.500 g. of ferrite was leached without the addition 
of zinc dust in 175 c.c. of 4.78 per cent, sulfuric acid at a temperature of 55° C. for 
a period of 50 min. with the following results: 


Test 

Number 


Soluble Soluble 

Iron, Zinc, 

Gramb Grams 


Residual 

Zinc, 

Grams 


1 0.03899 0.0313 0.0984 

2 0.0390 0.314 0.0985 


In tests 3 and 4 (duplicate) 0.550 g. of zinc dust was used in addition to the com- 
ponents of the previous tests, with the following results: 


Soluble 

Test Iron, 

Number Grams 


Soluble Residual 

Zinc, Zinc, 

Grams Grams 


3 0.0631 0.5989 0.0810 

4 0.0633 0.59S7 0.0808 


The following is a 

summary of the four tests: 



Test 

Number 

Soluble 

Iron, 

Grams 

Soluble 

Zinc, 

Grams 

Residual 

Zinc, 

Grams 

Total 

Zinc, 

Grams 

1 and 2 

0.0389 

0.0313 

0.0984 

0.1297 

3 and 4 

0.0632 

0.5988 

0.0809 

0.6797 


The amount of zinc insoluble in the residue from the leaching of ferrite in the 
presence of zinc dust is much less than when no zinc dust is added. This shows that 
ferrite is reduced by the hydrogen resulting from the reaction ; 


Zn + H2SO4 =• Hg + ZnSOi 

A further confirmation of this is gained by inspection of the relative amounts of 
iron leached in the two cases. There was an excess of 0.0243 g. iron leached in the 
sample containing the zinc dust. ; viz., 0.0632 — 0.0389 = 0.0243. The zinc previously 
combined with this iron in the form of Zn0.Fe203, but now made soluble was 

0.0243 X 0.584 = 0.01434 

The original H2SO4 soluble zinc 0.03130 

Total zinc soluble in tests 3 and 4 bT04^4 


The zinc made soluble by hydrogen attack was 


0.01434 _ 
“0.0984 


14.34 per cent, of the insoluble zinc. 


Final summary is : 


Test 

Number 

Soluble 

Zinc, 

Grams 

Insol OBLE 
Zinc, 
Grams 

Total 

Zinc, 

Grams 

1 and 2 

0.0315 

0.0984 

0.1297 

3 and 4 

0.0456 

0.0809 

0,6797 
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U is cvkleuL from those h\sfs that hy<ln)gt‘ii gas geuerated in tiie acid-leach sus- 
pension due to the reaction between Jiiiic dust and sulfuric acid reduces ferrite and 
causes this portion of the zinc to go into solution. 

Reduction Effect of SO-2 

It is generally supposed that SO 2 gas Tvill reduce the amount of ferrite formed in 
the calcine. The effect of this gas at a concentration of 6 per cent, by volume intro- 
duced over a bed of ferrite maintained at 650° C., and rabbled at intervals of 10 min., 
is practically nil. The SO 2 was supplied from a bomb of liquid SO 2 . The above 
conclusion was made from a test in which the above concentration of SO 3 was main- 
tained under the above conditions for 6 hours. 

Inasmuch as it is common knowledge that the interstitial SO 2 gas witliin the bed 
of sulfide ore during the process of roasting reaches concentrations two or three times 
that of the atmosphere above the bed, it was considered that this high concentration 
(13 to 14 per cent. SO 2 ) w^as necessary’ to affect a reduction of the ferrite. Accordingly 
a 2-g. sample of pure ferrite was mixed with 4 g. pyrite and roasted for S hr. at 650° C. 
The calcine produced in this test was leached with Low^s solution, the filtrate from 
which contained zinc to the extent of 44.3 per cent, of the total zinc present in the 
original ferrite. While no extensive w'ork was done on this part of the subject, it 
seems certain that direct contact with the rich interstitial SO 2 gas is necessary for 
decomposition when this reagent is used. 

O. C. Ealston, Berkeley, Calif, (written discussion). — The author's X-ray data 
tending to confirm the existence of zinc and magnesium ferrates as definite chemical 
compounds are w’elcome. Of even greater interest to me has been their discovery 
that in formation of zinc ferrate from zinc oxide and ferric oxide, no reaction took 
place below about 650° C. This observation is important when considered in con- 
nection with certain physical properties of ferric oxide. I have recently been engaged 
in preparing a critical report on ferric oxide and wish .to present in abstract a few prop- 
erties of interest in the above connection, (My forthcoming paper will give the 
references. 9 

Ferric oxide suffers a transition at 678° C. which absorbs about 6690 cal. per mol, 
causes a marked change in direction of a differential heating curve, corresponds to a 
rapid drop in magnetic susceptibility, causes a different thermal coefficient of expan- 
sion above that temperature, and the thermal conductivity of the high temperature 
form of ferric oxide increases with temperature at a more rapid rate than that of the 
low-temperature form. No X-ray crystallographic work has been done on the two 
forms of ferric oxide above and below 678° C-, but the other physical changes are 
sufficiently profound to make it probable that the 678° transition is a polymorphic one. 

The temperature of this transition is lowered by impurities: magnetite up to 
about 10 mol per cent, lowers the transition temperature till 650° C. is reached, 
beyond which further magnetite will not dissolve and so cannot further lower the 
transition temperature. Alumina is taken up by ferric oxide until it is saturated 
wdth 12 molecular per cent. AI 2 O 8 and the transition temperature of the Fe 203 has 
been lowered to 575°. Chromic oxide functions in a similar fashion but is more 
soluble, the temperature of the transition being lowered to 230° C. by 40 mol per cent, 
of Cr 203 . On account of these effects of impurities it is not surprising to find the 
transition temperature as observed by different experimenters, using different physical 
properties, repoHed all the way from 640° to over 700° G. The most precise work, 

*0. C. Ralston: Iron Oxide Reduction Equilibria. U. S. Bur. Mines Bulletin in 
preparation. 
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that of Sosiiiaii in the GooiDhysiciil Laboratory, places the transition tein])oraturo of 
pure feriic oxide at 678° C. 

The difference in reactivity of ferric oxide toward zinc oxide above aiul below 650° 
C., as reported by the authors, suggests at once some connection with the 678° C. 
transition temperature. The precautions in the use of their chromel-alumel thermo- 
couples arc not mentioned the authors nor are any corrections mentioned. If the 
couples were merely stuck into the muffle in a straight line, the thermal conductivity 
of the wares w'ould cool the junction below the temperature of the muffle and this 
would be especially true in case the thermocouples were protected by a pyrometer 
tube. The probability is, therefore, that the temperature 650° C., as reported by the 
authors, is somew^hat below the actual temperature of the muffle and correction 
of the approximate readings w’ould probably give a value much nearer 678°. 

Without attempting to theorize too much on scanty data, it is well to point out 
that this is one of the first bits of (apparent) chemical evidence to parallel the differ- 
ences in physical properties of the tw’o forms of ferric oxide above and below 678° C. 
I suggest that possibly the chemical reactivity is developed only when ferric oxide is 
in a disorganized state at 678° C., passing from one crystalline form to the other, and 
if so the proper heat treatment w’ould be one of repeatedly raising and lowering the 
temperature through 678° C. if a maximum ferrite production \vere demanded and 
conversely for minimum ferrite formation to either refrain from raising the tem- 
perature to this point or to go to higher temperatures very rapidly. In this connection 
it is w’ell to point out other apparent thermal points of ferric oxide, one at 360° 0. 
and the other at about 940° C. 

J. H. Hastings, La Porte, Colo, (written discussion). — This interesting paper 
prompts the suggestion of the part that zinc ferrite plays in the retorting of zinc ores. 
Although the following remarks have not been confirmed by experimental data, the 
results have been noted in actual practice. 

When zinc concentrates of the Tri-Statc district were roasted in a Hegelerkiln, 
if the roast w^as carried only to a point where the sulfur in a sulfide condition w^as at 
least 1 per cent., the reducing action of the sulfide sulfur was sufficient to prevent the 
formation of zinc ferrite to any extent, while if the roast was continued to a point 
W’here practically all the sulfide sulfur was eliminated, zinc ferrite formed. 

Probably the best condition for the prevention of the formation of zinc ferrite 
wmuld be in a roaster in which the last per cent, of sulfide sulfur would be changed 
over to zinc sulfate, and then the zinc sulfate would be broken up by heat without 
excess of oxygen. This practice has been followed in cases where carbon in the form 
of coal or coke was introduced on the bottom hearth. In this last method 
probably there is likely to be a loss of zinc due to the reduction of some zinc oxide. 
At least there should be sufficient air to roast the zinc sulfide and in the last stages to 
leave the zinc mostly in the form of sulfate to be finished off without an excessive 
amount of air. 

Should the roast be carried sufficiently far under conditions favorable for the forma- 
tion of zinc ferrite, the roasted ore comes from the roaster with a coating containing 
zinc ferrite on each grain. The presence of the zinc ferrite has a retarding influence 
on the reduction of zinc. There will thus be a slowing down of the reducing process 
in the initial stages at least. 

In some cases the roasting is carried on too hot and there may be a fused coating 
on the ore particles but in that case the iron would be in a ferrous state for favorable 
conditions for the formation of a ferrous silicate. 

In treating zinc concentrates in a Dwight-Lloyd sintering machine, there is 
probably no zinc ferrite formed and the iron will be in the form of magnetite to a 
large extent. This sinter always works easily in the retorts, because of its porous 
nature and also on account of the absence of zinc ferrite. 
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It id podrfible thiii if zinc ferrite is heated with ferrous oxide or ferrous sulfate in the 
r(‘tort, the zinc ferrite will break up with the formation of magnetite and zinc oxide, 
which then will be further reduced by the carl)on. 

It is possible also that the addition of magnesium oxide to the retort charge might 
improve the ore after certain conditions in roasting, for the better recovery of zinc. 

M. F, CooLBAUGH, Golden, Colo. — The subject of ferrites has been a very inter- 
esting one to me, and I feel that there are many factors in the formation of these 
compounds that have not been clearly discussed. Undoubtedly there are many 
other factors which are entirely unknown, and the whole subject seems worthy of 
careful stud 3 \ 

The effect of impurities in the formation of ferrites is a vital one. Zinc fer- 
rites formed under constant conditions of temperature and time from strictly pure 
iron oxides and zinc oxides are not the same as those formed from the same mate- 
lials when small impurities of alumina or silica, or both, are present. They vary 
in solubilities, in magnetic properties, and in the readiness with which they can 
be decomposed. 

I agree with Mr. Hanley that SO2 (but more likely SOs) is responsible for the 
decomposition of ferrites. There are, however, certain ferrites which are decomposed 
with a very low percentage of SO2 (or the accompanying SO3) and there are other 
ferrites which will not decompose at all under like conditions. 

The following are some of the general results of experiments obtained in our 
laboratories some years ago; A strictly pure ferric oxide formed by roasting ferrous 
oxalate was mixed with chemically pure zinc oxide and ignited. This produced a 
ferrite not very magnetic hut very difficult to decompose by sulfur dioxide or sulfur 
trioxide, even though treated for long periods with these reagents. The product 
formed from the same iron oxide and zinc oxide at the same temperature in the 
presence of small quantities of aluminum oxide or silica or both was decidedly different. 
The total amount of the aluminum and- silica employed was small, less than 2 per 
cent. The ferrite under the latter condition was much more soluble in acid and was 
decomposed readily by suKur dioxide or sulfur trioxide. The differences in magnetic 
properties were not carefully studied. 

The paper of Swartz and Krauskopf says that zinc ferrites are not magnetic 
under the conditions employed in their formation. This is undoubtedly true, but 
there are many conditions of formation under which magnetic ferrites will form. 

I am rather surprised to find no references made to the formation of copper ferrites, 
if that is the proper name to use. We found that the insoluble compounds of copper 
and iron form readily and that they decompose more readily than zinc ferrites. 

I believe that an extensive study of these insoluble compounds would prove very 
valuable. If the formation of ferrites can be prevented or methods can be derived 
for decomposing them after they have once been formed, a real contribution to 
hydrometallurgy will be made. 

G. L. Oldbight, Salt Lake City, Utah. — I have a number of irons in the fire 
along this same line, but I do not want to say too much because some of the experi- 
mental work is not yet completed. However, there are some things in this paper 
that should be checked up. In the first place, about the proportion that is combined, 
without saying what the compound is, if iron and zinc oxides made from calcining 
pyrite and sphalerite are heated together in varying proportions and at varying 
meshes and at various temperatures, it will be found, as would be suspected with a 
solid-solid reaction, that the amount of insoluble compound will be a function of the 
surface exposed and of the time the constituents are exposed, of their intimacy of 
contact and of the temperature employed — ^these four variables. 
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Also, again without saying anything as to the compound, more than one zinc 
can be tied up with the iron; that is, more than one ZnO with one Fe 203 . We are 
interested in the matter of the solubility of the zinc compounds in roasting in dilute 
acid. On going from hearth to hearth and taking samples from a large roaster, and 
then analyzing them, using Low’s reagent of ammonia plus ammonium chloiide to 
give the free zinc, and sulfuric acid, which gives the free zinc plus a certain amount 
of what we call ferrites, it will be found that on the top hearth the difference in the 
solubility of the zinc given by these two solvents is quite large. On going down 
towards the bottom hearth, the difference between the amounts of zinc soluble in 
the two reagents becomes less and less; in other words, as the ferrites get baked more 
and more, they become more and more insoluble. 

Just a word as to the relative merits of lime and magnesia: In so far as leacliing 
would be concerned, if a very great deal of suKuric acid is made in what is usually 
called the Coolbaugh process (that of Coolbaugh and Read and their coworkers) one 
should have enough acid to take care of the lime. Should magnesia be added instead 
of lime to make the ferrite soluble, however, I think Professor Coolbaugh will bear 
me out in saying that magnesia in solution is “not so good.” 

W. Segtjine, Jr., Wilmington, Del. — Lithopone manufacturers will agree with me 
that Joplin concentrates furnish one of the best zinc materials for lithopone, but this 
material is expensive in the East on account of freight and roasting charges. Sulfate 
roasting saves sulfuric acid, but with Joplin concentrates the absence of iron inhibits 
satisfactory'' sulfation. I suggest that coarse pyrite be added to the roaster feed, in 
order to obtain this necessary iron for sulfation in a furnace of the dowai-draft type 
such as has been developed by Mr. Coolbaugh and his coworkers. I would like to 
see some experimental w’ork done along these lines. 

C, P. Linville, Bound Brook, N. J. — On the curve that Dr. Hanley showed, it 
seems to me that a question of chemistry ought to be brought up, as to why the 
reaction, which hardly proceeded at all during 12 hi-, of heating, should suddenly 
take place in the thirteenth hour. It seems rather strange for materials to lie for 12 
hr. without a chemical reaction and then suddenly to react very rapidly. The peculiar 
shape of the curve seems to call for something in the way of an explanation of the 
chemistry of that change, 

H. R. Hanley, Roha, Mo. — In regard to the formation of sulfates in the Joplin 
ores, it is generally conceded that there would be very httlo sulfate formed because 
of a lack of iron, but actually under definite tests I have proved that this is not so. 

The Joplin concentrate containing only about 0.6 per cent, iron can be roasted at 
750® C. in a circular-hearth furnace and obtain a calcine that will contain 4 per cent, 
zinc as zinc sulfate and 0.3 to 0.4 per cent, zinc as sulfide. This result has been 
accomplished daily over a period of several days. The roaster referred to is an 
electric muffle containing a thermaUoy heating element below a carborundum hearth 
on which the ore is placed. The rabbling of the ore during roasting is accomplished 
by specially designed plows connected to a revolving arm. These plows scrape the 
ore next to the bottom of the hearth and bring it to the top. Analyses of the gas 
from the roasting operation was made almost continuously. This furnace is similar 
to the one designed by C. A. Hansen,® although much larger, and will roast 30 lb. ore 
at one time. 

Referring to the early electrolytic zinc process operations, the roasting was per- 
formed with a restricted amount of air. This procedure caused relatively high 
temperatures and low sulfate, also considerable insoluble zinc because of the impuri- 
ties present, chiefly iron. Later the roasting department commenced using a sulfating 

®0. A. Hansen: Electrolytic Zinc. Trans, (1920) 64, 85t 
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ronsi. This was hronglit about l)y ineroasitjg ilie air, wliich rofliicod the tempera- 
(ui'O, j)arricularly the second Inearth where so many oxolherniie roactiuns arc going 
on. It this hearth is cooled to a reasonable temperature, for (*xanipl<' hoO’ to 700“^ C., 
a high degree of suKation will result, but it has been found that by this niothorl too 
much sulfate is formed. The roasting, then, wont from one e.xtreme to another. 
Fortunately selective flotation had begun to produce cleaner concentrate, L e., lower 
in iron, and this type of concentrate permitted the raising of the temperature to 
decompose tlie excess sulfate without inordinately forming ferrites. There may be 
considerable variation in the temperature of the roast, provided the concentrate 
is clean. 



Reduction of Roasted Cassiterite Concentrates 

Bt W. W. Loo* akd E. F. New York, N. Y. 

(New York Meeting, February, 1928) 

A REVIEW of the literature on the reduction of cassiterite showed that 
scarcely any progressive changes were made in the methods of reducing 
cassiterite until within the last two decades, and that during that period 
many improvements in the metallurgy of tin have taken place. Since 
1914 the world’s consumption of tin has increased considerably, resulting 
in the exploitation of primary tin deposits such as the Bolivian lode, 
which has become an important source of tin. On account of the low 
tin content of Bolivian ore, and the presence of objectionable impurities 
of the reduced tin, the smelting of this ore and the refining of the tin has 
changed considerably from the methods formerly used. 

A comparative study of the methods of smelting cassiterite concen- 
trates suggested that an investigation be planned so as to determine 
what factors effect the extraction of tin from its ores by reduction with 
carbon. The first part of the experimental work was the determina- 
tion of whether roasted cassiterite concentrates can be reduced by car- 
bon without the use of flux, and the reduced pellets of tin be collected 
into a single mass separate from the dry gangue residue. The second 
part of the experimental work was a comparison of the effect of varia- 
tions of the different factors on the smelting of roasted cassiterite con- 
centrates : first, the effect of var 3 dng the composition of the slag; second, 
the effect of varying the amount of reducing agent; third, the effect of 
varying the relative amount of the resulting slag; and fourth, the effect 
of different kinds of reducing agents. 

Review op Literature 

Experiments on the smelting of Bolivian tin concentrates were made 
by James P. Gill in 1920 in the metallurgical laboratory of the School of 
Mines, and submitted as a graduate thesis. The results of these tests 
are fully reported as they are preliminary to the experimental part of 
this paper, and also because they have not been published. The vari- 
ables investigated by Mr. Gill were: (o) the effect of temperature on the 
rate of reduction of cassiterite concentrates; (b) the time required for 

* Graduate Student, Department of Metallurgy, School of Mines, Columbia 
University. 

t Professor of Non-ferrous and Electrometallurgy, School of Mines, Columbia 
University. 
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complete reduction; (c) the effect of the relative amount of slag upon the 
tin extraction; and (d) the effect of variations of the fluxes. The cassi- 
terite concentrate contained 56.8 per cent, tin, 18.0 per cent. SiOa, and 
4.7 per cent, iron in the form of ferric oxide, equivalent to 6.0 per cent. 



Fig. 1 . — ^Eppect op temperature ox the reduction op c.4.ssitbbite concentrates. 

FeO. Anthracite was used for the reducing agent. The tests were 
made in crucibles, using 50 g. of the cassiterite concentrates as the 
unit charge. The results are shown by the curves of Figs. 1, 2, 3 and 4, 
by the figures in Table 1, and the following data: 


ao 


.1 ^ 

a: 




y 






/ 





/ 1 

Enable 

'(me at 
^450X — 

j 

1 

Cot 

Temperc 

istonfs 

^fu re - f4t 

1 

/ 

y 

weignr or ore jm ■ 
Anthracite 8 •• 

[ mount of flax calculated 
^0 D reduce slaa contain in a 

/ 

i 

i 

\ 

SOXSiOg 

aa'i^eo 
12% CaO 

1 



Fig. 2.- 


0 to 20 JO 40 SO 

T7me in minutes nt t4SQ‘C. 

-Effect op time on the reduction of cassiterite concentrates. 


(a) The curve (Kg. 1) shows that the percentage extraction of tin 
from the concentrates increased with increase of temperature from 1200“ C, 
to 1450® C., when the charges were made to produce a slag of ratio com- , 
position 50 per cent. Si02, 38 per cent. FeO, and 12 per cent. CaO. This 
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slag was selected because slags of this composition were produced at a 
smelter treating Bolivian tin concentrates. 

(b) Although the complete reduction of cassiterite concentrates by 
anthracite is dependent on temperature, time is another factor for the 
complete reduction, as shown by the curve (Fig. 2). About 30 min. 
was required for the maximum reduction at 1450° C., when the charges 
were made to produce a slag containing about 60 per cent. SiOj, 38 per 
cent. FeO, and 12 per cent. CaO. 



Grams offfu/ces acfdecf z- 
t 2 3 ^ 


RaHo of amount of s la ^ produced. 

Fig. 3. Effect of relative amount of the resulting slag on the extraction 

OF TIN PROM CASSITERITE CONCENTRATES. 

(c) The curve (Fig. 3) shows that the amount of tin extracted 
decreases rapidly with increase in amount of the resulting slag. 

(d) In the smelting of an ore, the first consideration is the kind and 
amount of fluxes required in order to obtain the highest extraction of the 
metal. The fluxes used were silica, iron oxide, lime, and magnesia in 
varying amounts as given in Table 1. The charges were brought to 
1460° C. in about 45 min. and held at this temperature for 20 min. The 
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results are given in Table 1, and shown by the cur\’es of Fig. 4. An excess 
of either silica or iron oxide caused a large loss of tin; whereas an increase 
of lime or magnesia flux gave higher extractions of tin. High tin extrac- 
tions resulted when the slags contained between 33 and 41 per cent, 
silica, 11 and 25 per cent, ferrous oxide, and the remainder lime and 
magnesia. 

United States Patent No. 1544198 of June 30, 1925, was granted to 
Edwin B. Thornhill for a process of reduction of tin ores bj' solid fuel 



Fia. 4. — ^Effect op the kind and amount of flux on the extraction of tin 

PROM CASSITBRITB CONCENTRATES. 

without the production of sl&gs. The tin ore, mixed with solid fuel, is 
heated in a reducing atmosphere in a suitable ftirnace with a revolving 
disk hearth provided with a pervious bed for supporting the charge, and 
suitable rabbles for distributing the charge. The furnace bed is made of 
a layer of fragments of an alloy of iron and tin (“hard-head ”) of sufficient 
porosity to permit the melted tin to percolate through it. The reducing 
operation is effective at a temperature of about 1000“ C. liberating about 

VOL. 76.-32. 
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80 per cent, of the metallic tin from the ore. The reduced molten tin 
percolates through the pervious bed to an outlet which delivers it by 
means of a chute to a suitable receiver from which it is cast into pigs. 
The remainder of the tin, about 20 per cent., which is in the scoria as 
grains, pellets or slugs mi.\ed with residual carbon and gangue (on the 
hearth), is eventually discharged by means of the rabbles. The metallic 
tin remaining in the scoria is separated by screening, followed by crushing 
and the usual methods of gravity' concentration. 

H. H. Alexander and J. R. Stack published a paper^ in 1924, which is 
a valuable contribution to modern methods of smelting tin ores and 
refining of tin. The article describes in detail the smelting and 
refining plant of the American Smelting & Refining Co., at Perth Amboy, 
N. J., which was shut down several years ago. Smelting was conducted 
in reverberatory and in blast furnaces, as follows; 

Reverberatory Smelting . — The roasted mixture of concentrates and 
by-products, containing about 60 per cent, tin and under 0.5 per cent, 
sulfur, were thoroughly' mixed with fine anthracite and the necessary 
fluxes to give a desired slag. The resulting slag contained about 35 per 
cent. Si02, 12 per cent. Fe (=15.5 per cent. FeO), 25 per cent. CaO, and 
1.5 per cent. Sn. When smelting concentrates very low in iron, co^n- 
plete reduction of the tin was made in one operation, and the slags whi.’h 
contained up to 2 per cent, tin were discarded. Ores containing 3 p<'r 
cent, or more of iron required a two-stage smelting operation in order to 
completely separate iron from the tin: namely, “ore smelting” and 
“slag smelting.” The iron-tin alloy (“hand-head”) produced by “slag 
smelting” was treated separately for the recovery of tin by smelting it 
with the required flux and tin ore (SnOa) which oxidized the iron and liber- 
ated tin. A method for cleaning tin slags byresmelting with lead oxide to 
produce solder was tried, and found to give good extraction of tin and lead. 

Blast-fumace Smelting . — A mixture of unroasted and roasted con- 
centrates and roasted by-products were agglomerated on a Dwight- 
Lloyd sintering machine, to render the mixture suitable for blast-fumace 
charges. Smelting was done in two stages, “ore smelting” and “slag 
smelting: ” the sinter, flux, iron-tin alloy, return slag and coke, were spread 
and mixed in the proper proportions in a charge car, and fed into the 
blast furnace. The slag produced was a bisilicate containing approxi- 
mately 37 per cent. Si02, 20 per cent. FeO, 23 per cent. CaO, 12 per cent. 
AUOa, 3 per cent. MgO, and 5 to 7 per cent. Sn. The molten slag from 
the blast furnace was delivered to a slag-settlmg reverberatory furnace, 
and small-sized anthracite, together with crushed lime rock, was added 
and rapidly stirred into the molten slag. The lime replaced stannous 
oxide from its combination with silica, and the SnO and some FeO were 

* H. H. Alexander ajid J. R. Stack: Reduction and Refining of Tin in the United 
States. Trans. (1924) 70, 404. 
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simuitaneousb' reducocl by the anthracite, forming an iron-tin alloy 
(“hard-head ’’)• This treatment removed the major part of the tin from 
the slags (U. B. Patent No. 14S7135, Mar. 18, 1924). 

Partial Reduction . — A process of partial reduction of the ore was 
tried, by which the greater portion of the tin was allowed to enter the 
slag; the metal produced by resmelting this slag, being comparatively 
free from lead, copper, arsenic, antimony and bismuth, was suitable for 
“market grade” tin. The metal obtained by the first partial reduction, 
being relatively impure, was subjected to electrolj’tic refining to separate 
the lead, copper, arsenic, antimony, bismuth, and silver.® 

'W. W. Loo was granted patents® for the treatment of low-grade 
oxidized, complex lead-tin ores by sulfatizing the oxidized lead and 
copper minerals by means of soluble alkali sulfides; separating the major 
part of the sulfides by flotation, and leaching the tailings with hot, acidi- 
fied salt solution for the removal of the greater part of remaining lead 
and copper, leaving a concentrate high in tin and very low in copper and 
lead, which is suitable for smelting. An oxidized lead-tin ore from 
Kotchiu, Yunnan, China was treated by this process : the ore contained 
23.1 per cent. Sn, 44.6 per cent. Pb, and about 6 oz. Ag per ton; the flota- 
tion concentrates contained 3.5 per cent. Sn, 67.2 per cent. Pb, and 7,2 
oz. Ag per ton; the flotation tailings contained 44.0 per cent. Sn, 16 per 
cent. Pb, 9.7 per cent. Fe, and 4.8 oz. Ag per ton; the residue from 
leaching the flotation tailings with hot, acidified brine solution contained 
55.4 per cent. Sn, 0.4 per cent. Pb, 14.0 per cent. Fe, 2.1 per cent. SiOa, 
1.2 per cent. CaO, and a trace of silver. Residues of this composition 
were smelted, so as to determine whether low-grade lead-tin ores have a 
possibility of becoming an economical source of tin. The results of these 
smelting tests are reported later (see Table 9). In some districts of 
East Asia there are many low-grade, complex lead-tin ores containing 
from 7 to 45 per cent. Pb, 1 to 5 per cent. Cu, 3 to 4 per cent. Fe, small 
amounts of silver, and up to 25 per cent. Sn, which have a possibility of 
being treated by this process. 

Reduction oe Roasted Cassiteeite Concentrates without Flux 

Experiments were made to determine whether flux was necessary for 
the reduction of roasted tin concentrates, the idea being that mptnllip 
tin can be reduced from its ore by means of suitable reducing agents; no 
flux being necessary, provided the temperature is kept below the sintering 
point of the residue. 


*11. H. Alexander and J. E. Stack: Op. cit, 432; J. R. Stack: Electrolytic Refining 
of Tin. Trans. Am. Elec. Chem. Soc. (1924) 46, 441. 

*U. S. Patent Application Series No. 20625 (1925); Chinese Patent No. 224 
(June^ 19, 1926). 
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Tbjipeeature fos Complete REDrcxiox 

A series of tests was made to determine the temperature at which tin 
would begin to reduce from its concentrates, and also the time necessary 
for the complete reduction. The reducing agents tried were anthracite, 
bituminous coal and charcoal. The charges of roasted cassiterite con- 
centrates and pulverized reducing agent, in proportion to produce metallic 
tin and CO, were thoroughly mixed and heated in an electric tube furnace 
for one hour. The results are given in Table 2. 

The roasted cassiterite concentrates had the following composition: 


Analtsis, Recast Analysis, 

Pee Cent. Pee Cent. 


Sn 6S.72 

Pe 2.90 

S 0.04 

CaO 0.35 

SiOa 1.90 

Undetermined 26.90 

Total 100.00 


SI102 

. S7.50 

FeS 

OJl 

F 62 O 3 

. 4.06 = 3.64FeO 

CaO 

0.35 

SiO. 

1.90 

Undetermined . . . 

6.09 


100.00 


Table 2. — Temperature of Reduction of Boasted Cassiterite Concentrates 
20 Grams Concentrates Used in Each Test. Charges Not Distobed during Heating 


Test No. 

1 Reducing Agent 

Temp. ®C. 1 

Reducing Effect 

I-81 

! 

, Anthracite | 

766 ' 1 


b 

Bituminous coal | 

766 

‘ No apparent reduction 

c 

Charcoal i 

766 : 1 


2 -a 

Anthracite 

817 , I 


b 

Bituminous 

817 ' 

' Very minute Sn pellets formed 

c 

, Charcoal 

817 ■ J 


3-a 

, Anthracite 

865 £ 

Small tin globules formed 

b 

Bituminous 

865 

Small tin globules formed 

c 

■' Charcoal ! 

865 

Very minute Sn grains formed 

4-a 

b 

c 

Anthracite 

Bituminous coal 
Charcoal 

: 917 ^ 

917 

917 , j 

Reduction of Sn complete; col- 
lected as globules 

5-a 

b 

c 

1 Anthracite 
; Bituminous coal 
j Charcoal 

934 ^ 

934 

934 

^ Sn completely reduced, col- 
lected as globules 

6 -fl» 

b 

c 

1 Anthracite 
, Bituminous coal 
! Charcoal 

944 

944 

944 

I 

' i 

Sn completely reduced, col- 
lected as globules 

7-a 

b 

c 

1 Anthracite ^ 

; Bituminous coal i 

: Charcoal 1 

1 985 

985 

1 985 

\ < 
i 1 

i 

ij 

Sn completely reduced, col- 
lected as globules 

8 -a 

b 

c 

: Anthracite i 

! Bituminous coal 
! Charcoal 

1 1071 

1071 

1071 

i 

J 

Temp, too high, reduced Sn and 
residue fused together 
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These results show that the rapid reduction of tin concentrates by 
solid carbonaceous reducing agents commenced at about 800° C., and 
that above 1050° C. the gangue constituent sintered. Therefore if tin 
ore is reduced by means of pulverized solid, carbonaceous fuel, without 
any flux, the temperature should be kept between 850° and 950° C. in 
order to obtain complete reduction of tin and prevent sintering of the 
gangue residue. 

When reduction was carried out at temperatures between 800° and 
950° C., the reduced metal formed as very minute pellets and small glob- 
ules, most of which collected on the side and bottom of the crucible; 
the higher the temperature, the larger the size of individual particles of 
reduced tin. 

Effect op Stirring 

The pellets of reduced tin were collected into a single mass, by 
reheating the previous reduced charges to between 500° and 600° C., 
then stirring the heated porous mass with a thin graphite rod for a short 
time. With this treatment, the pellets of metal collected as a single mass 
and the gangue floated as unfused residue on the surface of the molten tin. 

The possibility of collecting the numerous isolated tin pellets by 
reheating and stirring the pre-reduced charges suggested a method for 
direct reduction of tin from its ore. This method of treatment is desig- 
nated as “Direct Reduction” process. 

The final “direct reduction” tests were made in a manner similar to 
that outlined above, except that the temperature was kept at about 
900° C., and the charge was stirred every five minutes. The charge of 
roasted tin concentrates was mixed with the required amount of finely 
divided anthracite to form CO by complete reduction of Sn02. Records 
of the results are given in Table 3. 


Table 3. — Reduction of Cassiterite Concentrates without Flux 
Tin Concentrate Used = 100 Grams 


Test 

No. 

Anthracite, \ 

; Per Cent. 

1 1 

Temperature, 

Liquated Sn, 

1 Grams 

^ Percentage 

Extraction 

1 

1 

' 10 

1 i 

870-900 

60.8 

88.5 

2 


1 900 ! 

63.0 

91.6 

3 

1 20 

i 

900-910 

63.6 

92.4 


Stirring aided in increasing the reducing effect of the anthracite, 
as well as collecting the reduced tin pellets into a single mass which 
finally occupied the lower part of the crucible. The dry, lighter gangue 
residue floated on top of the molten tin. 
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Direct-fired rotary kilns, which were found by the Bureau of Mines 
to be most satisfactory for the reduction of iron ores,'* should prove 
efficient for the “direct reduction” of cassiterite. 

Smelting of Roasted Cassiterite Concentrates 
Tests were made to determine the effect of variations of the 
different factors of the smelting operation on the extraction of tin 
from roasted cassiterite concentrates: (1) the effect of varying the compo- 
sition of the slags; (2) the effect of varying the amount of reducing agent; 
(3) the effect of varying the relative amounts of the resulting slags; (4) 
the effect of different kinds of reducing agents. 

Determination op Fusion Temperatures op Ferrous Oxide and 

Limb Silicates 


The fusion points of a series of ferrous oxide -(- lime -)- silica mixtures 
were determined. The materials used for making the cones for these 



Fig. 5. — Fusion temperatures of mixtures op silica, ferrous oxide and lime. 

determinations were pulverized fused quartz (99.9 -1- per cent. SiOi) , 
lime (98 -f- per cent. CaO), and chemically pure ferrous oxide produced 
from ferrous oxalate by Baker and Adamson. The materials were 
ground to pass 100 mesh, and dried. Calculated amounts of the quartz, 

*C. E. Williams, E. P. Barrett and B. M. Larsen: Production of Sponge Iron. 
U. S. Bur. Mines BvM. 270 (1927) 114r-150. 
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Table 4. — Funion Teinperatures of Ferrous Oxide and Lime SiLicatcs 


Ilatio Composition 


Group 

Mixture 

No. 

SiOa 

FcO 

CaO 

1 Fusion Point, 

! c. 

1 


2 1 

43 

20 

37 

1270 


3 ! 

42 

25 

33 

1220 


5 : 

41 

35 

24 

1180 

I 

G 

41 

40 

19 

1155 


7 

40 

45 

15 

1120 


8 

40 

60 ' 

10 

1 1200 


28 

40 

. _ . 

55 

5 

1320 


30 

39 

40 

21 



9 

38 I 

45 

17 


ll 

10 

36 

50 ' 

14 



11 

35 

55 

10 



29 

32 

62 

5 



31 

34 

20 

46 

1250 


12 ; 

32 

32 

36 

1210 


13 1 

32 

40 

28 

1175 

III 

14 ! 

32 

; 46 1 

i 22 

1170 


15 ! 

31 1 

1 62 I 

17 

1140 


16 ; 

31 

1 60 1 

: 

1 ^ 

1180 

Intermediate 

18 i 

36 

40 

24 

1170 


32 

55 

1 

20 i 

1 25 

1235 


20 ; 

55 

35 

10 

1310 

IV 

21 * 

50 i 

25 

25 

! 1185 


22 1 

46 i 

36 

18 

1175 


23 

45 1 

45 

10 

1195 


33 1 

44 

50 

6 

1400 

V 

25 

25 

50 

25 

1185 


27 , 

24 

40 

36 

1245 

Fe2SiO* 

34 i 

30 

70 


1185 

3FeO -j- 2Si02 

35 : 

40 

60 

t 

i 

j 1425 

FeO + SiOo 

36 [ 

45.5 

54.5 

1 

! •• 

1525 


lime, and ferrous oxide were thoroughly mixed, moistened with water and 
molded into cones 1.75 in. high with 0.6 in. base. The cones were dried 
in an electric oven, and a series mounted on plaques made of three 
portions fireclay and one portion AI2O3. The plaques of cones were thor- 
oughly dried, and the melting points of the cones determined in accord- 
ance with the method for determining the fusion points of coal ash, 
specified by the American Society for Testing Materials and by the Bureau 
of Mines. The fusions were made in an air-blast pot furnace, the 
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plaque of cones being protected from direct contact with the flame by 
means of a cjdindrieai muffle. In order to maintain nonoxidizing 
atmosphere, several lumps of charcoal were placed on the bottom of the 
muffle. Temperatures were determined by a Leeds & Northrup optical 
pyrometer, focused on the cones, and readings were taken at the 
moment the cones began to bend. The determinations were made in 
triplicate, and the results recorded within the closest o' C. readings, as 
given in Table 4, and graphically represented by Fig. 5. 

Effect of Tartixg Compositiox of Slags 

The thermal diagram of ferrous oxide -f- lime 4- silica mixtures 
(Fig. 5) shows that certain compositions have lower melting points than 
others, which suggested that these compositions would be the most 
favorable to use in calculating composition of slags for the smelting of 
cassiterite concentrates. Haxdng this idea in mind, the investigation 
was made in the following order : 

1. Effect of varying the composition (SiOj -r FeO + CaO) to produce 
a “mezzosilicate” slag (3MO + 2Si02), containing from 15 to 50 per 
cent. FeO, and 42 to 10 per cent. CaO. (Group I.) 

2. Effect of varying the composition of the slags by figuring FeO to 
form monosilicate (2Fe0.Si02), and the CaO to form bisilicate (CaO.- 
SiOa); the FeO varjdng from 30 to 55 per cent, and CaO from 28 to 10 
per cent. (Group II). 

3. Effect of varying the composition of the slags by figuring FeO to 
form monosiheate (2Fe0.Si02), and the CaO to also form monosilicate 
(2Ca0.Si02); the FeO varying from 32 to 60 per cent., and the CaO from 
36 to 10 per cent. (Group III). 

4. Effect of varying the composition (SiOa + FeO + CaO) to produce 
slags of higher (Group IV), and lower silicate degrees (Group V) than the 
above slags of Groups I and III: the Si02 varying from 56 to 24 per cent., 
the FeO from 25 to 50 per cent., and the CaO from 7 to 36 per cent. 

The tin ore used for these tests was roasted Bolivian cassiterite con- 
centrate, crushed to pass through a 20-mesh screen, and roasted at 
800° to 850° C. for 3 hr. The roasted cassiterite concentrate had the 
following composition: 


Sn 

Analysis 
Per Cent. 

68.50 

SnOa 

Recast Analysis 

Peh Cent. 

... 87.00 

Bi 

1.60 

Bi 

... ‘ 1.5 

Fe 

4.90 

FeS 

. .. 0.35 

s 

0.24 

FeaOs 

... 6.55 = 5.94 FeO 

SiOa 

1.43 

SiOs 

. .. 1.43 

CaO 

0.34 

CaO 

. .. 0.34 

AI 2 O 3 

0.56 

A1,0, 

... 0.56 

Undetermined 

22.53 

Undetermined . 

... 2.27 


Total.... 100.00 100.00 



506 REDUCTION OP ROASTED CASSITERITE CONCENTRATES 

Mixtures of 200 g. of the roasted concentrate; a calculated amount 
of flux, and of anthracite to form CO, by reduction of SnO^, were smelted 
in a gas-fired furnace holding 12 covered crucibles. 

The rate and time of heating are shown by the curves of Fig. 6. The 
metal button was separated from the slag and weighed; being impure, 
it was liquated in a crucible at low temperature (about 300"^ C.) to remove 



Tfmein Minuter, 

Fig. 6. — Typical rates of heating of the smelting charges op cassiterite 

CONCENTRATES. 

most of the impurities, as dross. The liquated metal was poured into a 
cast-iron mold and reweighed. The surface of the metal, after liquation, 
was smooth and bright, so this was regarded as pure tin extracted, and 
percentage extraction calculated. 

Series I. — Producing a Mezzosilicate Slag 

The results of the tests (Series I) are shown in Table 5. The constants 
and the variables were : 
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Constants Vari-^les 

'‘Mezzosiiicate” siag (Group 1} Slag composition: FeO varied from 15 to 

Reducing agent: 10 per cent, excess of 45 per cent., and CaO from 42 to 15 per 
anthracite to form CO cent. 

Temperature: 1300° to 1400° C. 

Time at 1300° to 1400° C. = 30 min. 


Table 5. — Production of a Mezzosilicate Slag 
Charge = Tin Concentrate, 200 Grams; Anthracite, 36 Grams 


Mixture 

No. 

Ratio Composition of Slag 

Tin Reduced from 200 Parts Ore 

Per Cent. 
Extrac- 
tion 

Remarks 

1 SiOa 

FeO 

CaO i 

Crude 

Tin 

Liquated 

Tin 

Dross 

1 

43 

15 

42 





a 

2 

42.5 

20 

37.5 



.... 

.... 

a 

3 

42 

25 

33 



.... 

.... 

a 

4 

j 42 

30 

28 

123.0 

117.5 

5.5 

86.5 

: b 

5 

! 41 

35 

24 

128. 0 

120.5 

7.5 

SS.6 

h 

6 1 

i 41 

40 

19 

138.0 

119.8 

18.2 

87.5 

1 h 

7 ! 

40 ; 

45 

15 : 

132.0 

118.4 

13.6 

, 87.0 

; h 


a. The charges were sintered, no slag was formed. Tin was reduced in the form of 
globules scattered throughout the mass. 

b. The charges were completely fused, a small portion of black colored dry residue 
remained. The separations were very good. 


The results of mixtures 1, 2 and 3 show that high lime and low iron 
oxide produce “mezzosilicate” slags (3 Mo. 2Si02) which have too high a 
formation temperature. For this reason, the high-lime slags were not 
tried for the subsequent tests. It was also found that a small portion of 
unfused dry residue remained in the fused charges Nos 4, 5, 6 and 7. 
This residue was found to be unconsumed anthracite, so the anthracite 
used for the next set of tests was 98 per cent, of the theoretical amount 
necessary to reduce the tin oxide and form CO. 


Series II. — Producing a Mezzosilicate Slag 

The results of the next tests (Series II) are given in Table 6. The 
constants and the variables were: 


Constants 

“Mezzosilicate^' slag (Group I) 
Reducing agent : 98 per cent, of 
the theoretical amount of carbon 
in anthracite to form CO. 
Temperature: 1300° to 1400° C. 
Time at 1300° to 1400° C: 30 min. 


Variables 

Slag composition; FeO varied from, 
30 to 45 per cent., and CaO from 28 
to 15 per cent. 
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Table 6. — Vaiyhig FoO and CaO of Slags 
tjliarge = Tin Concentrate, 200 Grams; Antliracile, 31.5 Grams 


Hatio Composition of Slag Tin Keducod from 200 Parts Ore | Cent I 


Mixture 

No. 

SiOs 

; FeO 

1 CaO 

Crude 
' Tin, Gm. 


Dross, 

Gm. 

1 Extrac- 
tion 

Remark 

Liquated 
. Tin, Gm. 

4 

42 

1 

1 

' 30 

28 

, 133.9 

118.6 

15.3 

1 87. 3 


h 

41 

. 3o 

21: 

135.1 

124.0 

11.1 

i 91.0 

a 

() 

41 

40 

19 

135.2 

121.1 

14.1 

89.0 


7 

40 

45 

15 

134.1 

120.5 

13.6 

88.6 



a. Tke unfused portion of the dr}' residue was less than before, and the separation 
of the metal button and the slag were improved considerably. 


Si 

Hso 

kpo 

§ 

i; 

^70 






— Cc/rife '<7" = £ 

Curve'2)' -E 

— 

- 


c 

~x pen merit SeJ 

Xpert ment Set 

V \ 

’'tes fC fO/^ excesi 

^-ies2(0aiof\ 

V ] 

! ofanfhraat&F 

1 

Offt/iracitB) 



t 

I 

1 ^ 


FeO 30 3S 40 4S 

CaO — 38 34 13 tj 

pereenfaje of FeO and CaO in the Mezzo si/icate Sfa^ 


Fig. 7. — Effect of variation of iron oxide and lime content op mezzo- 

SILICATE SLAGS, AND THE AMOUNT OF ANTHEACITE ON THE EXTRACTION OF TIN FROM 
CASSITERITE CONCENTRATES. 


From the results of the foregoing two series of tests, two curves were 
plotted (Fig. 7) in order to compare the effects of the variations. 

Series III. — Varying the Amount of Reducing Agent 

The two foregoing experiments showed that an excess of anthracite 
to form CO diminished the tin extraction, principally because of the ash 
content of the anthracite which tended to increase the viscosity of the 
slag, and also because excessive reduction led to the formation of an iron- 
tin alloy. The amount of anthracite in the next set of experiments 
was decreased to 55 per cent, of the theoretical amount necessary 
to form CO for reduction of the tin oxide. The results of these tests 
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(Series III) are shown in Table 7 and^Fig. 8. The constants and 
variables were; 

Constants Variables 

“Mezzosilicate” slag (Group I). Reducing agent: Amount of anthracite 

Temperature: 1300° to 1400° C. varied from 10 per cent, excess down to 

Time at 1300° to 1400° C. : 30 min. 55 per cent, of the theoretical amount to 

form CO. 

Slag composition: FeO varied from 30 to 
45 per cent., and CaO from 28 to 15 per 
cent. 

A series of curves (4, 5, 6 and 7 of Fig. 8) were plotted from the above 
experiments, which clearly shows the effect of varying the amount of 
reducing agent. 



Theoretical Percentage of Carbon to form CO 

Fig. 8. — Effect of the amount of antheacite^ on the extraction of tin from 

CASSITERITE CONCENTRATES. 

Curve 5 was plotted from tests of Series III, mixture 5; curve 6 from 
mixture 6; curve 7 from mixture 7 ; and curve 4 from mixture 4. 

These curves make it apparent that an excessive amount of anthracite 
is not beneficial, as the unconsumed portion of carbon and the amount 
of ash entering the slag has a tendency to prevent agglomeration of 
the pellets of tin, thus causing lower extraction of the metal; and also the 
increase in reducing action causes the formation of iron-tin alloys. The 
reason for this may be explained by the equilibrium between carbon and 
its oxides in the preparation of producer gas, which is dependent on tem- 
perature: at high temperature very much more carbon monoxide is 
observed than at low temperature.® From this, the conclusion may be 


*R. Scheack and R. S. Dean: Physical Chemistry of Metals, 167. J. Wiley 
& Sons, Inc., New York , 1919. 

R. S. Dean; Theoretical Metallurgy, 182-184. J. Wiley & Sons, Inc., New York, 
1924. 
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drawn that the formation of carbon monoxide is a process which is accom- 
panied by heat absorption due to the decomposition of the dioxide 
to monoxide. 

Boudouard“ determined the composition of carbon monoxide and 
carbon dioxide mixtures that are in equilibrium with carbon at atmos- 
pheric pressure and at different temperatures. His observations and 
thermodynamic calculations gave 2 per cent. CO at 450° C., 6S per cent. 
CO at 700° C., 97 per cent. CO at 925° C. and 99 per cent. CO at 1000° C. 
Above 1000° C. there is only a slight trace of CO 2 in the gaseous phase. 
The results of the tests of Series III show that less anthracite than the 
amount theoretically required to form CO gave better extraction of tin 
than when anthracite was in excess, no doubt due to the formation of 
some carbon dioxide during the heating of the mixtures up to 1000° C. 
As the smelting temperature of tin ores is above 1000° C., the reaction 
atmosphere will be high in CO and low in CO 2 , since the former can 
energetically function as reducing agent onlj’- at temperatures between 
450° and 900° C.; therefore, the theoretical amount of carbon to form CO 
would not be necessary, as some CO 2 is produced during the heating of 
the charge from 450° to 1000° C. 

. The reducing reactions of stannic oxide by carbon and carbon mon- 
oxide with rise of temperature may be expressed as follows: 

1. C + CO» = 2CO (450* to 900* C.) 

II. Sn02 + CO = SnO + COj(450* to 900“ C.) 

III. SaO + CO = Sn +CO, (450* to 900° C.) 

. Sn + CO* = SnO + CO (above 1000* C.) 

IV. Sn02 + 2C = Sn + CO (above 1000° C.) 


The reaction is not a single one, but it may be regarded as progressing 
in several steps, similar to the iron-carbon reactions in a blast furnace, 
which are dependent on thermodynamic effect. 


Series IV. — Vaeting the Amount op Anthracite and the 
Composition op Slags 

Having determined that only 75 per cent, of the theoretical amount 
of anthracite to form CO is required for the highest extraction of tin, the 
next tests (Series IV) were made by using this amount of anthracite, 
and varying the composition of the slags. The results of these experi- 


*L. Guillet: Trait4 de M4tallurgie G4]i4rale, 229. BaiUiSre et fils, Paris, 1922. 
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mcnts are shown in Table vS and bj' curve of Fig. 9. The constants and 
variables were: 


Constants 

Reducing agent: 75 per cent, of tlie theo- 
retical amount of carbon in anthracite to 
form CO. 

Temperature: 1300° to 1400° C. 

Time at 1300° to 1400° G.: 30 min. 


Variables 

Varying the amounts of flux require to 
produce: 

^^Mezzosilicale^' slags (Group I). 
(2Fe0.Si02) + (Ca0.Si02) slags (Group 

II) . 

(2Fe0.Si02) + (2Ca0.Si02) slags (Group 

III) . 

Slags other than the above (Groups IV, 
V, and Intermediate). 


Table 8. — Varying the Composition of the Slags 


Charge = Tin Concentrate, 200 Grams; Anthracite, 24 Grams 


Group 

' Mix- 
ture 

Ratio Composition, 
of Slag 

Flux Added per | 
100 Parts Ore ! 

Result- 
ing Slag 
per 100 

1 

1 Tin Reduced from 200 
: Grams Cassiteritc 

1 Concentrate 

Per- 

centage 

Extrac- 

tion 


No. 


, 



1 ; 


Parts 






Si02 

' FeO 

1 

CaO ; 

i 

SiOs 

Cao' 

Total 1 

Ore 

. Crude 

J Tin 

Liqua- 
ted Tin 

Dross 


■ 4 ' 

42 

! 

30 

28 

6.2 

5.2 

12.4 ' 

21.6 

: 

131.5 

to 

3 

7.0 

91.0 


5 i 

41 

35 

1 24 , 

5.0 

3.6 

8.6 , 

18.6 

138.8 

128.8 

10.0 

94.0 

I 

6 i 

41 

40 

19 

3.6 

2.5 

6.1 1 

15.7 

136.5 

128.0 

8.5 

93.5 


7 1 

40 

' 45 

I 15 

3.4 

1.7 

5.1 

14.5 

136.0 

126.3 

9.7 

92.2 


8 1 

40 

; 50 

10 , 

2.9 

0.9 

3.8 

13.1 

134.1 

125.2 

8.9 

91.4 


5 i 

41 

1 36 

24 . 

5.0 

3.6 ■ 

8.6 ; 

18.6 

138.8 

128.8 

10.0 

94.0 

II 

® : 

3S 

1 45 

17 , 

3.2 

1.9 

6.1 ' 

14.7 

137.2 

126.1 

11.1 

92.1 


' 10 i 

36 

, 50 

14 

2.4 

1.3 : 

3.7 ; 

13.3 

137.5 

127.0 

10.5 

92.6 


11 1 

35 

55 

10 

1.9 

0.7 1 

2.6 . 

12.0 

130,4 

123.4 

7.0 

90.0 


12 ! 

32 

32 

36 . 

4.2 

6.4 • 

10.6 ! 

20.4 

134.5 

126.5 

8.0 

92.5 


; 13 : 

32 

1 40 

28 

2.9 

3.8 : 

6.7 

16.5 

136.7 

125.8 

10.9 

1 91.8 

in 

: 14 f 

32 

j 46 

22 

2.2 

2.5 

4.7 1 

14.2 

138.2 

128.2 

10,0 

1 93.6 


. 15 1 

31 

' 52 

17 

1.7 

1.6 : 

3.3 

12.7 

139.7 

127.8 

11.9 

93.3 


i 16 ; 

30 

60 

10 

1.1 

0.7; 

2.8 ' 

11.0 

136.9 

125.3 

11.6 

1 

! 91.5 

1 

Inter- 

: i 

36 

, 34 

30 ! 


1 

i 4.9 , 


mm 

136.8 

126.5 

10.3 

92.4 

mediate 

i 18 1 

36 

! 40 ! 

1 24 




10 

136.6 

126.5 

10.1 

1 92.4 


' 19 i 

56 

! 371 

! 7 ’ 

7.5 

0.8 ; 

8.3 ' 

18.0 

110.6 

106.9 

3.5 

j 78.0 

IV 

, 20 i 

55 

35 1 

10 , 7,5 

1.4 : 

8.9 , 

18.9 

121.6 

116.1 

4.5 


1 21 

50 

i 25 1 

25 

9.5 

5.6 > 

15.1 

25.9 

122.5 

119.3 

3.2 

87.1 


1 22 I 

46 

36 1 

IS i 

5.7 

2.6 

8.3 ' 

18.3 

133.7 

125.2 

8,5 

91.4 


1 23 1 

1 

45 

i 45 : 

10 . 

1 

4.1 

1.0 j 

5.1 

14.7 

130.3 

121.5 

8.8 

88.8 


24 i 

30 

34 i 

36 : 

3.4 

6.0 

9.4 , 

19.4 

137.6 i 

126.1 

11.5 

92.1 

V 

25 1 

25 

50 1 

25 : 

1.1 

2.G , 

3.7 ' 

13.2 

140.6 j 

125.9 

14.7 

92.0 

1 

26 j 

25 

45 : 

30 : 

1.4 

3.6 ' 

5.0 ! 

14.7 

140.2 1 

125.6 

14.6 

91.6 

1 

( 

27 1 

24 

40 j 

36 I 

1.8 

6.0 : 

i 

6.8 j 

X6.7 

140.1 1 

124.9 

15.2 

91.1 
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The analysis of a composite sample of the crude and of the resulting 
liquated tin was found to be: 


Crude Tin, Liquated Tin, 

Per Cent. Per Cent. 


Sn 94 . 5 to 96 . o 9S . 50 

Bi 2.00 1.03 

Pb 0.17 0-16 

Sb 0.16 

Cu 0.15 

Fe 1.70 nil 


Total 100 


The curve of Fig. 9 was plotted from the results of the tests on varia- 
tion of slag composition (Series IV), Table 8, by using the relative weight 
of slag per 100 parts ore smelted as abscissa, and extraction percentage 



Fig. 9. — Effect of slag composition and the relative amount of slag on the 

EXTRACTION OF TIN FROM CASSITERITB CONCENTRATES. 


as ordinate, in order to show the effects of the slag variations. This 
shows that the extraction of tin from cassiterite coneonitrate by smelting 
is decidedly influenced by the composition of the slags, and is also depend- 
ent on the relative amount of slags produced. The highest extractions 

VOL. 76 .- 33 . 
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with the production of equal weights of slag were obtained by producing 
slags whose ratio compositions were as follows: 


Ratio Composition 


Group 

Mixture 

No. 

- - 



— 


Si02 

: FeO 

CaO 

I and IT 

5 

41 

' 35 

24 

1 

6 

41 

1 

19 

III 

12 

32 

! 32 

36 

III 

14 

32 

46 

22 

III 

15 

31 

' 52 

17 

iV 

21 

50 

' 25 

1 

25 


Charge mixtures o and 6, which correspond to “ mezzosilicates ” (3MO.- 
2Si02) with medium FeO and comparatively high CaO contents gave 
high extraction of tin. and with the production of smallest amount 
iron-tin dross. Mixtures 14 and 15, corresponding to monosilicates 
(2MO.SiOi) of both FeO and CaO, containing lower Si02, higher FeO, 
and slightly lower CaO, gave high e.xtraction of tin, due to lower relative 
amount of slag produced per 100 parts ore smelted; i. e., less flux was 
added, as all the charge calculations were based on the FeO content of the 
cassiterite concentrates; no iron oxide flux was added in any case. 
Very low extractions occurred when FeO content of the slags was high, 
and CaO below about 14 per cent., as shown by mixtures 8, 11, 16, 19, 20 
and 23. In these cases the extraction was considerably lower than for 
the mixtures which produced corresponding weights of slags, due in case 
of mixtures 8, 11 and 16 to the very low CaO content of the resulting 
slags, and in case of mixtures 19, 20, 21 and 23 to the slags being very 
siliceous. Such slags dissolve stannous oxide and thus decrease the 
extraction. The mixtures which contained the lower Si02 and higher 
lime gave higher extractions, as demonstrated by Nos. 12, 13, 17 and 24; 
but it should not be overlooked that the lower the sihcate degree of the 
slag produced, the larger the amount of iron reduced, which increased 
the amount of iron-tin dross, as shown by the difference of the weights 
of the crude tin and liquated tin (Table 8). 

The results in Table 8, and also the curve of Fig. 9 suggested that in 
the treatment of cassiterite concentrates, or tin ores, it will be advanta- 
geous to calculate the smelting mixture with regard to the analysis of the 
ore to be treated, and not attempt to produce a definite type of slag. The 
curx'e of Fig. 9 wiU serve as a guide for the selecting of the most suitable 
ratio composition of the slag, no matter what the analysis of the concen- 
trates may be. If the concentrate or the ore contains high tin and low 
iron, it will be better to calculate the ratio composition of the ala-g to be 
similar to that of mixtures 5 and 6 (Group I); whereas if the tin ore 
contains low tin and high iron, it will be advisable to select the ratio 
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composition of slag similar to mnctures 14 and 15 (Group III), in order to 
produce relatively smaller amounts of slag per 100 parts of ore smelted, 
and thus diminish the tin loss in the slag. In case the cassiterite con- 
centrates contain high SiOa and low FeO, the most advantageous smelting 
mixture to select would no doubt be that corresponding to the ratio 
composition of No. 21 (Group IV). 

The above suggestion was tried out, and it was found that the results 
were as anticipated. The tin ore used was flotation concentrate of a 
low-grade ore from the Kotehiu Tin Trading Compan 5 '’s mine. The ore 
was first treated by a combined flotation and leaching process, which 
raised the tin content from 23.1 per cent. Sn, to 55.4 per cent. Sn, and 
contained 0.4 per cent Pb, 2.1 per cent. SiOs, 14.0 per cent. Fe, and 
1.2 per cent. CaO. The first test was made by the “direct-reduction” 
method with anthracite, at about 900° C. by the stirring operation, 
without addition of flux. Tin and iron were reduced together and formed 
“hard-head” from which no tin could be liquated. 

The second test was made by smelting mixtures of the concentrates 
and flux, which were calculated to produce slags of the ratio composition 
similar to mixture 5 (Group I) and mixture 15 (Group III) ; these were 
smelted under the same conditions as tests of Series IV. The results 
are given in Table 9. 

Table 9. — Varying Amounts of Flux 


i I 

Ratio Compoai- j Flux Added Per Tin Reduced, 

tion of Slag l ' 100 Parts Ore Result- Grains 

I T'Iti I ’ ^ TTirr 


Test 

No. 

SiO» : FeO 

1 

’ nn 

j Con- 
1 centrate, 
CaO i ‘^rams 

Anthra- 

cite, 

Grams 

1 

SiOa I CaO | Total 

1 

1 

1 

ing . 

Slag 

Per 100 : 

Parts Crude 
Ore Tin 

Li- : 

quated Dross 
Tin 

cent- 
! age- 
Ex- 
trao- 
tion 


Direct reduction 



i 




1 

without produc- 100 

i 20 

No flux added ! 

1 64.0 

0 

65 

1 

1 


ing slag 

■ 



1 




2 

41 1 35 

24 150 


18. 0| 9.7 : 27.7 i 

54.6 , 61.5 

58.2 

3.3 

70.0 

3 

31 1 62 

1 

17 1 150 

1 

! 17 

! 

j S.4| 4.4 1 12.8 ^ 

1 ' 1 

38.2 , 76.2 

65.8 

10.4 

: 80.0 


It is evident that this kind of concentrate cannot be treated by the 
“direct-reduction” process, on account of its high iron content (equiva- 
lent to 18.0 per cent. FeO) ; but it can be smelted by selecting a suitable 
slag ratio composition with the aid of the results of the tests of Series 
IV, and the curve of Fig. 9. A higher tin extraction from the Kotehiu 
concentrate may possibly result from a preliminary heating with carbon 
at 700° to 750° C. in order to render the iron magnetic'^ followed by 

^ Without the presence of carbon, Fe 203 is not rendered magnetic, unless it is 
heated between 1100'" and 1200° C. (Results of tests previously made.) 
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removal of the larger part of the iron by magnetic concentration. The 
resulting final tin concentrate can then be smelted to better advantage. 
The above tests were made merely to illustrate the advantage of selecting 
the smelting mixture with regard to the analysis of the ore to be treated, 
rather than depending on producing a definite type of slag. 


Seeies V. — Effect of Vaeting Amount of Slag 

In some smelters, old slags are often added to a smelting charge for 
the purpose of causing more rapid fusion, but unless an increase in weight 
of metal recovery results, this practice is of no advantage. 



/O 30 30 40 SO 60 

Relative Weight ofSiag per iOO Weights of Ore Smelted 

Fig. 10. — Effect of the relative amount of the resulting slags on the extrac- 
tion OF tin from cassiterite concentrates. 


The effect of varying the relative amount of slag was determined by 
tests of Series V. The first variations were made by using the minimum 
amount of flux required to produce the most desirable types of slags, as 
determined by tests of Series IV. The next variation was made by in- 
creasing the relative amounts of slag per 100 parts of ore smelted, keeping 
the composition of slag in the same SiOi.' FeO : CaO ratio. The results of 
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these tests are given in Table 10 and curves of Fig. 10. The constants 
and variable were: 

Constants Vamabli! 

Composition of slags. Relative amount of the resulting slags per 

Reducing agent ; 75 per cent, of theoretical 100 parts ore smelted, 
amount of anthracite to form CO. 

Temperature: 1300“ to 1400° C. 

Time at 1300° to 1400° C.: 30 min. 

The results of the tests given in Table 10 and shown by the curves of 
Fig. 10, demonstrated that the larger the amount of slag produced the 
smaller is the extraction, even though the mixtures gave slags possessing 
perfect fluidity. These tests showed also that tin was lost in the slag, 
and by the formation of an increased amount of iron-tin dross. 

In the case of mixture 14 (Group III); when the relative amount of 
slag was slightly increased from 13.9 to 18.1 parts per 100 parts ore 
smelted, it showed a slightly higher extraction, due probably to a better 
separation of the suspended tin pellets from th^ slightly larger volume of 
fluid slag. 

As Sn02 is amphiteric, it can act either as a base or as an. acid consti- 
tuent of slag.® If combined with silica, it forms a difficulty fusible siK- 
cate ; whereas if it combines with lime, calcium stannate may be formed. 
In either case, loss of tin occurs, so the amount of fluxes used should be 
just sufficient to produce a suitable slag which possesses the necessary 
fluidity to permit rapid settling of the reduced pellets of tin. , 

Reducing Power of the Various Solid Carbon Reducing Agents 

The solid reducing agent used for the foregoing series of experiments 
(Series I~V) was anthracite, which was chosen first because of its high 
fixed carbon, low volatile matter, and its density. As anthracite is not 
available in some localities, the reducing power of the various solid 
reducing materials was compared with that of anthracite. The 
composition of the reducing agents tested are shown in Table 11. 


Table 11 . — Composition of Reducing Agents 


Solid Heducing 
Agent 

1 Moisture, 

1 Per Cent, 

I 

Sulfur, 

1 Per Cent. 

Ash. 

Per Cent. 

Volatile, 

Per Cent. 

Fixed Carbon, 
Per Cent. 

Anthracite ! 

1.5 

! 1.3 

7.2 

2.8 

87.2 

Bituminous coal. . . 

2.2 

1.1 

10.2 

11.8 

74.7 

Charcoal 

6.4 


1.5 

11.4 

80.7 

Coke 

0.2 

1 

8.3 

0.4 

i 

91.1 


The tests made for determining the reducing power of solid fuels on tin 
concentrates were carried out in the same manner as the smelting tests. 


® W. Gowland: The Metallurgy of the Non-ferrous Metals, 618. GriflSn, 
London, 1921. 
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The charges of roasted cassiterite coacentrates and flux vrere figured so as 
to produce slags having the ratio composition 41Si02: 35FeO: 24CaO 
(mixture 5, Group I). The amount of anthracite used was 75 per cent, 
of the theoretical amount required to form CO, which was found by tests 
Series III and IV (Figs. 8 and 9} to give the highest extraction of tin. 
The same proportionate amount of bituminous coal was used. With 
charcoal and coke, the amount used in the two first tests was 75 per cent, 
of the theoretical amount required to form CO, based upon the fixed 
carbon contents, but for the second test of coke, 34 per cent, excess was 
used. The temperature was brought up to and held at 1300° to 1400“ C. 
for one-half hour, so as to obtain a good fusion. The results of these 
tests (Series VI) are given in Table 12. 

Theoretically, one part of pure carbon reduces 4.9 parts of tin from 
stannic oxide in accordance with the reaction: 

Sn02 2C = Sn -b 2CO (above 1000“ C.). 

Bituminous coal in test No. 3, Series VI gave approximately the same 
reduction value: 1 part having reduced 5.15 parts Sn, whereas anthracite 
gave a value of 5.36. When an excess of anthracite or coke was used, 
the excess prevented the collection of the metal pellets into a single mass, 
and also caused the formation of iron-tin alloy. Both charcoal and coke 
showed poor reducing power for the reduction of cassiterite concentrate. 

Conclusions 

The experiments may be divided into two main parts: (1) the “ direct- 
reduction” of roasted cassiterite concentrates without the use of fl,ux for 
producing slags; and (2) the smelting of roasted cassiterite concentrates 
with flux to produce desirable slags. 


“Direct-reduction” of Roasted Cassiterite Concentrates without the Use 

of Flux 

Roasted cassiterite concentrate is readily reduced by means of solid 
carbonaceous fuels and without the addition of flux at temperatures 
between 850“ and 900“ C., the latter temperature causing more rapid 
reduction. At about 800“ C., the reduction is slow; at about 760° C. 
reduction is not apparent; above 1000“ C. the temperature is too high, 
causing reduction of much iron, and sintering of the constituents of the 
charge, which prevents complete reduction of the tin and retards its 
collection as a single mass, unless a retarder (usually lime) is added 
to prevent sintering of the gangue. 

Stirring the charge during “direct-reduction” between 850“ C. and 
900° C. caused rapid and complete collection of the scattered tin pellets 



Table 12. — Reducing Power of Solid Fuels 
Tin Concentrate Used = 200 Grains 
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into a single mass and enabled a clean separation of the reduced metal 
from the dry gangue residue, tvith reduction of smallest amount of iron. 

Cassiterite concentrates containing about 20 per cent. FeaOs and 
low tin (about 55 per cent. Sn) can not be treated by the “direct-reduc- 
tion” process, as there is a tendency to produce an iron-tin alloj" from 
which tin will not separate by liquation. 

Smelting of Boasted Cassiterite Concentrate with Flux to Produce Suitable 

Slags 

The amount of anthracite or bituminous coal necessary for efficient 
reduction of roasted cassiterite concentrates is less than the theoretical 
amount to form CO; between 65 and 75 per cent, of the theoretical 
amount of carbon required to form CO gave the best tin extraction. 
When more than this amount was used, an iron-tin alloy was produced; 
and conversely, when less than this amount was used, tin oxide entered 
the slags; in both cases lower reduction efficiency resulted. The proper 
amount of carbon required in order to obtain the highest tin extraction 
is that which will yield the smallest amount of iron-tin alloy, and also 
prevent SnO entering the slag. 

The best slags to produce in the smelting of roasted cassiterite con- 
centrates were found to be those of Table 13. 


Table 13. — Desirable Slags in Smelting Roasted Cassiterite Concentrates 


Group 

! Mixture 

j No. 

Hatio Composition 

SiOs 

' PeO 

1 

CaO 

I and II 

5 

41 

35 

24 

I 

6 

41 

40 

19 

III 

14 

32 

46 

22 

III 

15 

I 31 

1 

1 52 

1 17 

1 


Slags corresponding to mixtures 5 and 6, with medium FeO and com- 
paratively high CaO contents, prevented excessive reduction of iron and 
also prevented tin from entering the slag, thus causing high extraction of 
tin and production of small amount of iron-tin dross. Slags correspond- 
ing to mixtures 14 and 15, with lower Si02, higher FeO, and lower CaO 
contents, gave high extraction of tin, due principally to lower relative 
amount of slag produced per 100 parts ore smelted. Slags containing 
high FeO, with the CaO ratio below about 14, corresponding to mixtures 
8, 11 and 16 (Table 8) gave lower extraction of tin, due to the very low 
CaO content of the resulting slags, which was not sufficient to prevent 
tin from entering the slag. Slags with the Si02 ratio above 45, and CaO 
below 10, corresponding to mixtures 19, 20 and 23 (Table 8) gave very 
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low extraction of tin, because they were siliceous and low in CaO, and 
therefore dissolved stannous oxide and decreased the tin extraction. 
The slags that contained lower Si02 and higher lime, corresponding to 
mixtures 26 and 27 (Table 8) gave higher tin extractions than when the 
SiOa was high and the lime low (compared with mixtures 19 and 20). 
The lower the SiOg, and the higher the FeO content in the slags, the larger 
the amount of iron reduced, w'hich increased the amount of iron-tin 
dross causing decreased tin extraction. 

Cassiterite concentrates containing high iron (about 20 per cent. 
Fe 203 ) and low tin (about 55 per cent. Sn) can be smelted by producing a 
slag similar to mixture 15. In this case a relatively smaller amount of 
slag is produced per 100 parts of ore smelted, which decreases the tin 
losses in the slag. The selection of a smelting mixture similar to 15 
also minimizes the amount of barren flux to be used. 

The amount of fluxes used should not be more than necessary to 
produce the most desirable slag, the fluidity of which will permit rapid 
settling of reduced tin. An excess of flux or the addition of large amounts 
of old slag causes loss of metallic tin. Old slags that are high in tin 
may be smelted separately by the addition of sufficient lime to form a 
fluid slag, containing betvreen 18 and 30 per cent. CaO and from 32 to 
36 per cent. Si 02 , and using the proper amount of carbon, so as not to 
form an excess of iron-tin alloy. 

DISCUSSION 

E. F. Kern, New York, N. Y. — This paper reports the work of two students, Mr, 
GiU and Mr. Loo. So far as the paper is concerned, it is presented as student’s work 
and not with an idea of revolutionizing the tin industry. 

We undertook this work to prove out certain things in the matter of reaction 
temperature, effect of slag composition, variation in amount of reducing agent, and 
the effect of different reducing agents. 

As to the actual metallurgy of tin, we feel that the work of H. H. Alexander stands 
foremost of any work that has been done in smelting and refining of tin, so we presented 
an abstract of Alexander and Stack’s paper with that idea, and because it gave us 
suggestions for imdertaking the work of proving certain things that were done by 
Alexander, which were not done by other metallurgists. 

We dwell upon Fig. 9 because it will enable the ready selection of what we call 
desirable slags. It substantiates our thesis that it is essential to select certain slags 
in order to obtain desirable results in the smelting of tin ore which contain varying 
amounts of slagable constituents. 

G. E. Dalbey, East Berlin, Conn. — In trying to reduce some tin hydroxide, I had 
difficulty in smelting in a small blast furnace, but have had considerable success in 
reducing it in a cylindrical graphite retort externally fired. I introduced the tin 
hydroxide into the retort with enough carbon for a slight excess over the required 
amount for complete reduction of the tin to form CO. The excessive carbon seriously 
interfered with the collection of the tin in one large mass. AU the tin was reduced, 
but the great portion remained as small pellets distributed throughout the residual 
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carbon. T then tried reducing the amount of carbon so that the reaction would be 
as follows : 

C -r S 11 O 2 = COo Sn 

Practically all the tin was reduced and coliecteil in one large mass. Have you any 
results on excess carbon? 

E. F. Kbrx. — Y es, an excessive amount of carbon will prevent the collecting 
together of the tin pellets. By the direct reduction method it is a case of collecting 
the pellets into a large mass by stirring. The apparatus we prefer for this purpose 
would be a rotary horizontal furnace of the Bureau of hlines, described in a paper by 
WiUiams, Barrett and Larsen.® This type of furnace may be considered a muffle 
furnace, with the CO 2 acting as a muffle over the top of the reducing charge and the 
excess carbon collecting over the top of the foiling charge, thus preventing oxidation 
of the reduced tin. 

W. Campbell, New Y'ork, N. Y. — The ternary system CaO-FeO-SiOi is of great 
interest, not only as bearing on tin and other non-feri*ous slags, but also on the basic 
open-hearth slags in steelmaking. 

The Hofman-Babu^® diagram, unfortunately, has not been studied in the light of 
modern work on the silicates. Hofman’s paper on the temperatures at which certain 
silicates are formed was presented to the Institute in 1S99. His results were dis- 
cussed by Ashley^® in 1901. Babu^^ gave the ternary diagram in 1904. 

An interesting comparison might be made between this diagram and the one 
just presented by Loo and Kern, and the question naturally comes up as to why these 
very marked differences. The answer must be that we are dealing vdth a four- 
constituent and not a three-constituent system, because FeaOs is usually present. 
Of course, discrepancies must occur when one of the constituents is FeO and the 
atmosphere is not controlled. This is shown clearly when we consider the work 
already done on the binary system FeO and Si02. Whiteley and Hallimond^^ in 1919 
gave the diagram shown in Fig. 11. There are two eutectics, that of FeO and 2FeO.- 
Si 02 at 24 per cent. SiOj and 1240® C. and that of 2Fe0.Si02 and Si02 at 40 per cent. 
Si02 and 990° C. The freezing point of 2Fe0.Si02 is about 1280° C. Keil and 
Dammann^® in 1925 made melts in an atmosphere of nitrogen. The FeO used 
contained 7 per cent. Fe 203 , however. Their diagram up to 45 per cent. FeO is shown 
in Fig. 12. Again we have two eutectics, but the first occurs at 4 per cent. Si02 
and 1075° C. While the composition of the second is stiU 40 per cent. Si02, the 
temperature is 1115° C. More striking stUl is the melting point of Fayalite, 2FeO.- 
Si02, at a httle above 1500° C. as compared with 1280° C. of Whiteley and Hallimond 
and 1185° C. of Loo and Kern. 


9 See U. S. Bur. Mines Bull 270 (1927) 114. 

H. 0. Hof man: (^neral Metallurgy, 458. 1913. 

H. O. Hofman: Temperatures at Which Certain Ferrous and Calcic Silicates are 
Formed in Fusion. Trans. (1899) 29, 682, 

12 H. E. Ashley: Slag Constitution, Studied by Means of the Tri-axial Diagram 
with Rectangular Coordinaties. Trans. (1901) 31, 855. 

^®L. Babu: Traits th4orique et pratique de m4taliurgie g4n4rale, 1. Paris, 1904- 
6. B^rauger. 

J. H. Whiteley and A. F. Hallimond: The Acid Hearth and Slag. Jrd. Iron and 
Steel Inst. (1919) 99, 199. 

0. V. Keil and A. Dammann ; Beitrag zur Kenntnis des zustandsdiagramms 
Eisenoxydul und Kieselsaure. Stahl und Bisen (1925) 46, 890. 
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rurthennore, the recent work of Greig^® proves that the system Fe0.Si02 shows 
two liquids containing about 59 and 96 per cent. SiOa respectively at 1690° C. and we 
have the separation into two layers (Fig. 13). 
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It seems unfortunate that we still cling to the old nomenclature and speak of 
mezzosilicates and the like, when referring to slags which are obviously mechanical 

U. W. Grieg: On Liquid Immiscibility in the System Fe0-Fe20s-Al208-Si0a. 
Amer. JrU. of Sci, (1927) 14, 473. 




DISCUSSION 


525 


mixtures, as shown by Vogt in his work on silicates in 1903 and so clearly demonstrated 
bv the wonderful diagrams from the Geophysical Laboratory, V ashiiigton, and b} 
those of McCaffery and others. Thus the FeO-SiO- diagram shows only one com- 
pound, 2Fe0.Si02 or Fayalite, melting point or formation point or fusion point given 
as 1500° C., by Keil and Dammann. Fayalite forms eutectics with FeO and with 
Si02. The composition corresponding to 3Fe0.28i0>, or 40 per cent. SiOa, hs the 
eutectic of Favalite and SiOo. The composition corresponding to FeO.SiOa, or 45.5 
per cent. Si 02 is a mechanical mixture of SiO. and the euteclic and therefore begins to 
melt at the eutectic temperature. 

The CaO-SiOo diagram is too well knot^m to need an illustration. It shows two 
compounds on the hquidus; vfz, CaO.SiOo at 1540° C. and 2Ca0.Si02 at 2130 C. 
There are three eutectics (see e, g, and A:, Fig. 14). 


SiO^ 



Using these data on a ternary diagram and applying the results obtained by Loo and 
Kem, we can assume two ternary systems: 

2Fe0.Si02-Ca0.Si02-Si02 Ul 

CaO.SiOo-2FeO.SiO2-2CaO.SiO2 [21 

The system 2Fc0.Si02-Ca0.Si02-Si02 wiU have a two-liquid area a X 5, whose 
boundary has yet to be determined. The ternary eutectic is indicated at 7, in Fig. 14, 
about 40 per cent. SiOz, 45 per cent. FcO, 15 per cent. CaO at 1120° C., or slag No. 7 
of Loo and Kem. 

Hof man shows a minimum point at H at 1030° C. and 45 per cent. SiO 2 , 45 per 
cent. FeO, 10 per cent. CaO, which corresponds to the present authors’ slag No. 23 

at 1195° C. * . ^ 

The system CaO.SiO 2 - 2 FeO.SiO 2 - 2 CaO.SiO 2 shows minima at 9, the eutectic of 
2Fe0.SiO2 and CaO.Si02 and at 15 the eutectic of 2FeO.Si02 and 2Ca0.Si02. Per- 
haps then somewhere between them would occur a ternary eutectic melting about 
1120° C., here given as 34 per cent. SiOo, 47 per cent. FeO, 19 per cent. CaO. 

On the other hand, when we use the Hofman-Babu diagram, the line from 2FeO.- 
Si02 to 2Ca0.Si02 shows a second minimum at about 36 per cent. CaO, 32 per cent. 
SiOa, 32 per cent. FeO, which would indicate that the system does not belong to 
Roseboom’s type V, There is reason to suspect a compound CaO.FeO.SiO 2 forming 
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eutectics vrith 2Fe0.Si02 and 2 Ca 0 .Si 02 . If this is true, we are dealing with two 
temarv svstems: 

2 FcO.SiO 2 -CaO.FeO.SiO 2 -CaO.SiO 2 [3J 

CaO.SiO 2 -CaO.FcO.SiO 2 - 2 CaO.SiO 2 [4] 

"W'e might speculate further as to the phases in the area FeO-2FeO.Si02-2CaO.- 
Si02-CaO. Hofman's work shows a slight maximum at about 17 per cent. CaO, 
24 per cent. Si02, 59 per cent. FeO and a minimum at about 27 per cent. CaO, 21 per 
cent. Si02, 52 per cent. FeO on a line drawn from CaO to 2Fe0.Si02. The question 
arises whether we are dealing with a binary of CaO and 2Fe0.Si02 or of FeO and 
2Ca0.Si02. 

It u-ould appear that melts high in line show FeO, 2Ca0.Si02 and CaO but no 
2Fe0.Si02, also that FeO and CaO form a eutectic. With these meager data, one 
might exijoct to find three ternary systems : 


2Fe0.Si02-Ca0.Fe0.Si02-Fe0. 

[5] 

FeO-CaO.FeO.SiO 2 - 2 CaO.SiO 2 

[6] 

Fe0-2Ca0-Si02-Ca0. 

[7] 


but until this region of the diagram is thoroughly explored, this must remain guesswork. 

The effect of FeoOs (and Fe 304 ) on this system Fe0-Ca0-Si02 is not simply con- 
tamination, it is to produce a quaternary system, needing a three-dimensional model 
like that of the Ca 0 -Mg 0 -Al 203 -Si 02 to explain it and the reason why the work of 
two authors does not agree is because their results are not for the same plane through 
the quaternary model. 

If pressure could be brought to bear on the Geophysical Laboratory perhaps they 
would work out the system Fe0-Ca0-Si02 the way they have done the lime, magnesia, 
alumina, silica systems and then we should have a sound basis from which to begin 
our work on slags containing ii’on oxide. 

In conclusion I would like to add my thanks to Messrs. Loo and Kem for their 
painstaking work on this most interesting series. 

E. F. Kern. — I received a letter from Mr. Mulligan, of East Chicago, who brought 
up the matter of tin losses, and asked whether the work was done with cassiterite 
containing sulfur or sulfide. I' think that this brings up the point of which Mr. 
Linville has spoken, as to the tin losses. 

We know that when sulfur is present, most of the sulfur will combine with tin to 
form tin sulfide, w’hich has a low volatilization point, about 900° C. We tried to 
eliminate as many variables as possible in conducting the investigation, so did not 
introduce sulfur. We are very glad that we stimulated thought that will no doubt 
awaken more research along this line. 



Metallurgical Treatment of Flotation Concentrates 

By Arthur S. Xe^ York, X. Y. 

(New York Meeting, February, 19:^8) 

The flotation, process of ore concentration has been a great boon to 
the miner but to the metallurgist it has not been an unmixed blessing. 
Fortunately for him, however, the development of the process has been 
gradual, so that the problem of smelting large proportions of flotation 
concentrates did not arise until methods for doing so successfully had 
been developed. 

Problems ix Smelting Lead Flotation Concentrates 

Taking up first the load field, flotation concentrates offer serious 
difficulties in handling and in preparing for the blast furnace, quite aside 
from the problems presented to the furnaceman by the necessity of smelt- 
ing smaller tonnages of material higher in grade and usually basic in 
character, with, the consequent changes in flux requirements and furnace 
operation. As received at the smelter, these concentrates are always wet 
and usually of the consistencj” of sticky mud. Difficult enough to handle 
in warm weather, they are worse in winter, when it may be necessary to 
blast them out of the cars. They hang up in bins and chutes and stick 
to conveyors, requiring the constant attention of the operators. If 
dried they become like wheat flour, involving heavy dust losses in handhng 
and in furnace operations. 

Roasting in hearth furnaces is more difficult than with coarser 
materials. Dust losses are increased and, what is more serious, the moist 
concentrates tend to form balls or nodules, which harden and pass almost 
unaltered through the furnace with consequent high sulfur in the product, 
while the unballed fine particles lie on the hearth in a dense bed, practi- 
cally impenetrable to the oxidizing gases, so that roasting takes place 
only on the surface of the bed. A more prolonged roasting period is 
therefore required and the capacity of a given furnace is decreased. 

They are entirely too fine to be charged into the blast furnace, eyen 
if thoroughly roasted; excessive flue-dust losses, irregular operation and 
slowing up of the furnace would be the obvious result. Consequently, 
it was early recognized that flotation concentrates would have to be put 
in coarser condition for smelting and the universal method adopted has 
been the Dwight & Lloyd process of sintering. This did not usually 


* President, Dwight & Lloyd Companies. 
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require anj’' change in equipment, since most of the lead smelters were 
already provided with sintering machines, as the Dwight & Lloyd process 
had become standard practice even before flotation concentrates were 
being received in appreciable tonnages. 

At first the tonnages of flotation concentrates shipped to the smelter 
were small, the bulk of the ore receipts being crude ores and coarse con- 
centrates. The small proportion of flotation could be mixed in with this 
coarser material without upsetting the routine methods, although it might 
require partial drying and otherwise entail some additional expense in 
handling. A small percentage of flotation would be mixed with the 
coarser sulfides, the mixture preroasted, if necessary, and then sintered 
in the usual way. Although there was somewhat more flue dust made, 
especially when preroasting in multiple-hearth furnaces, the proportion 
of excessively fine material in the mixture was so low as not to interfere 
seriously with the operation. When sufficient coarse materials are avail- 
able, this method is often followed now, but not many smelters are today 
so fortunate as to receive much of their ore in coarse form. 

The development of selective flotation has resulted in changing still 
further the treatment necessary for preparing the concentrates for the 
blast furnace. Formerly it was usual, in lead smelting, for the blast- 
furnace charges to contain sufficient copper to make desirable a consider- 
able matte fall, and the roasting and sintering operations were conducted 
with a view to leaving 3 to 5 per cent., or even more, sulfur in the sinter. 
But as selective flotation became more generally practiced, less copper 
was recovered in the lead concentrate, so that a smaller matte fall became 
desirable; in extreme cases, no matte at all was made but the small 
amount of copper was collected as dross in the bullion. Therefore it was 
desirable that less sulfur be charged into the blast furnace, and this 
necessitated making a sinter of lower sulfur content. 

Double Sintering 

Double sintering affords a means of accomplishing this, and as it also 
facilitates the treatment of flotation concentrates, it is extensively 
practiced. This consists in blast-roasting the ore twice, making in the 
first pass or “first over” a preroasted product containing a small amount 
of agglomerate (fused sulfide); this is crushed and the entire charge is 
given a second pass over the machine, the result being a strong, low-sulfur 
sinter cake. No attempt is made to produce sinter in the first pass, as 
its purpose is primarily a preroasting operation. The sintering machine 
is run at a higher speed and usually with a deeper bed. The first pass 
reduces the sulfur to 9 to 12 per cent. When crushed to minus }4 or }4, 
in. and again moistened, the fuel values contained in this product are 
such that a sinter running 1.5 to 2 per cent, sulfur and of ideal physical 
character is produced in the second pass. 
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Another great advantage of this treatment, so far as sulfur elimination 
is concerned, results from crushing the ore between the two sintering 
steps. As noted, wet flotation concentrates have a decided tendency to 
build up into balls or nodules, from pin head to 1 or 2 in. size. The 
smaller nodules are in ideal physical condition for sintering, but the 
larger ones bake hard and are difficult to desulfurize. If sintered without 
being crushed beforehand, they retain their shape and pass through the 
operation with surface fusion and only slight sulfur elimination, so that 
the finished product carries a higher proportion of sulfur than would 
otherwise be the case. Crushing the ^'first over^’ product breaks these 
nodules with the rest of the material and reduces them to the proper size 
for feed to the '^second over^^ operation, which consequently produces a 
low-sulfur sinter. 

Flotation concentrates have one characteristic that is helpful to the 
metallurgist who has them to sinter; i. c., a lower sulfur sinter can be made 
from them than from coarse material of the same original chemical 
composition. For example, starting with 30 per cent, sulfur in the charge 
in each case, coarse sulfide ore crushed to in. may roast in the JBrst 
pass over the sintering machine to perhaps 18 to 20 per cent, sulfur; 
when crushed to 8 or 10 mesh the product will be 2 or 3 per cent, lower; 
but if the charge consists of flotation concentrates the product will 
probably run 12 to 15 per cent, sulfur. This is due to the fact that the 
finer the particles of sulfide, the more rapid the oxidation by the air 
currents, provided of course that the air currents can reach the individual 
particles. The very nature of flotation concentrates renders this difficult, 
but it can be done. 

Essential Principles of Roasting and Sintering by Internal 

Combustion 

It will help to make the matter clear if we review for a moment the 
essentials of the Dwight & Lloyd process of roasting and sintering by 
internal combustion. As ordinarily practiced, it consists in arranging the 
ore on a grate in a thin layer, uniformly pervious to air currents, igniting 
the combustible elements on the upper surface of the mass and passing 
air currents through the layer in a downward direction. The ignition 
thus started on the upper surface is slowly propagated downward in a 
thin zone of intense oxidation producing at a given point a momentary 
melting effect, at which moment the semifused material is whipped by 
the air currents into thin films and cells and the next instant is chilled 
into a porous cokelike mass we call sinter.’^ The zone of reaction moves 
slowly downward through the mass until it reaches the grate, and the 
sinter cake is finished and ready to be discharged. About 15 min. is 
required to sinter a 4-in. layer. At any stage of the procedure, the 
stratum above the zone of reaction will be finished sinter while below it 

VOL. 76 .- 34 . 
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will be raw charge. The advantages of sintering in connection with 
many metallurgical operations have been so positively demonstrated 
that they need not be referred to here. 

The peculiar structure of sinter is shown in Fig. 1, which shows the 
polished surface of a sinter cake made from galena. The cell walls, 
actually to 34 oo thick, offer an incomparably greater area for 

reduction than do lump ores and explain in part the superior reducibility 
of sinter. 

In dealing with flotation concentrates the problem is how to make a 
layer of them uniformly permeable to air. If we can do that the rest is 



Fig. 1. — Polished stjefacb of sinter cake made from Missouri galena. X 50. 

(Reduced one- third; original magnification given.) 

easy. With flotation concentrates that retain an appreciable amount of 
residual oil, the diflficulties of treatment are increased. The ignition is 
slow and the sintering action sluggish, with sintering capacities reduced 
in consequence. The reason for this is not entirely clear, but it may be 
due to tighter contact between particles due to oil films thus reducing 
the area of the air passages. If the concentrates are heated to the point 
of steaming this oil is driven off and the subsequent behavior is 
much better. 

An ideal condition is created by steaming the concentrates and 
rubbing them through a M-in. screen forming a mass of pellets. These 
tend to take a partial “set,” so that the pellets maintain their separate 
shape under ordinary handling, and a mass of them when fed to the 
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sintering machine gives an almost ideal charge. The individual pellets 
being loosely compacted arc themselves relatively permeable and roast 
more speedily and thoroughly than solid ore particles of equal size. 

These pellets can be produced by a rolling action, but the difficulty is 
that large balls form as well as small pellets, and the large nodules of 
flotation concentrates cause irregularities and poor desulfurization. 

V arious means arc used for breaking up the wet lumps and obtaining a 
thoroughly uniform and well mixed charge, among which may be men- 



FiG. 2. — Pro MILL OF SPECIAL DESIGN FOB FLOTATION CONCENTEATES. 

tioned screening the charge and reworking the lumps; forcing the lumps 
through a screen; or passing the charge through a disintegrator such as a 
swing hammer or squirrel-cage breaker. However, the formation of 
lumps can be prevented to a large extent by using suitable apparatus for 
mixing the charge. The pug mill type of mixer is better adapted for 
flotation concentrates than the table type, as the churning action of the 
blades tends to break up lumps. However, with the ordinary pug mill, 
balls of concentrate may form and work along to the discharge end with- 
out being broken up sufficiently. To meet this difficulty, an improved 
form of pug mill has been devised; this consists of a slowly rotating drum 
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with an inner paddle shaft offset to one side and below the axis of the 
drum which revolves rapidly in the opposite direction to the drum. The 
rapid movement of the paddles thoroughly mixes and “fluffs” the charge, 
and lumps are continually carried by the rotation of the drum into 
contact with the paddles. Fig. 2 shows a pug mill of this typo with 
some of the pelletized product. 

Another method of sintering flotation concentrates, which is widely 
used, is to mix back with the charge a proportion of finished sinter crushed 
to minus or in., called “returns.” These “returns” serve two 
purposes. Being low in sulfur themselves, they dilute the sulfur content 
of the mixture sufficiently so that a single sintering operation produces the 
desired low-sulfur sinter cake. The “returns” are comparatively coarse 
and therefore make the mixture loose and readily permeable to the air 
blast, while at the same time each piece of returned sinter becomes an 
inert nucleus coated with a thin layer of the sticky fine sulfide particles 
which are thus presented in an ideal way for rapid and efficient blast 
roasting. The result is that sintering takes place rapidly, and a much 
larger tonnage can be treated with a given equipment than would other- 
wise be possible. Instead of “returns,” sometimes a small proportion of 
granulated slag is used for the same purpose. More care in preparation 
of the charge for sintering and the thorough mixing of the ingredients is 
required in this procedure than on straight double sintering, for if large 
lumps of concentrates are permitted to go into the feed, or if the coarse 
material is not evenly distributed through the fine, the sulfur in the sinter 
will be high. 


Sintering Copper Flotation Concentrates 

To the copper metallurgist who has reverberatory furnaces available, 
smelting flotation concentrates does not present such great difficulties, 
since the reverberatory thrives on a fine feed, but where smelting is 
carried on in blast furnaces, or by the miner who wishes to reduce his 
freight cost and roasting charges and avoid the loss of material inevitable 
in handhng these fine concentrates, sintering is frequently practiced with 
advantage. The usual method is that described, in which returns are 
mixed with the concentrates to make up the feed to the machine. Except 
that sulfur ohmination is not carried so far (sufficient suKur being left 
in the sinter to cover the copper and to give the desired matte fall in 
smelting) the operation is very much the same as in sintering lead flota- 
tion concentrates. 

Smelting Zinc Flotation Concentrates 

In the zinc field, even more trouble than with lead or copper was 
encountered in smelting flotation concentrates. They were usually 
somewhat lower in grade than the coarser concentrates, but entirely aside 
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from this the difficulties in roasting and retorting this exceedingly fine 
material were so groat as frequently to find expression in an extra smelting 
charge against them and at times in refusal to buy them at all. 

In the roasters the dry fine concentrates run ahnost like water, spread- 
ing out and causing high spillage and dusting losses. They form an 
impervious bed of Tvhich only the surface is actually roasting, so that 
furnace capacity is decreased and gas consumption and labor costs per 
ton are materially increased; besides, the roasted product is erratic and 
high in sulfur. They are equally objectionable in the retorts, for they 
work down through the charge to the bottom, forming a dense mass where 
distillation is slow and incomplete. In consequence the residues are 
high in zinc and recoveries are correspondingly low. Slagging of the 
retorts is greater, with decreased life of retorts and additional cost of 
renewals. 

The zinc metallurgist desires a comparatively fine granular material 
which can be intimately mixed with the reducing agent to form the charge 
for the retorts. The Dwight & Lloyd sintering machine can be made to 
form such a product, which is ideally suited to the peculiar requirements 
of the retort process. The individual particles of flotation concentrate 
completely lose their identity in sintering and are transfonned into a 
friable cake of cellular granules, which is readily crushed to the 3 to 4- 
inesh size desired for the retort charge. Sinter made from flotation con- 
centrates cannot be told from that made from coarser materials, and 
distils equally well. 

Zinc flotation concentrates are usually preroasted on hearth furnaces 
of the ordinary types, with conversion of the gases into acid. This 
roasting may be either the usual dead roast down to 2 to 3 per cent, sulfur 
or may be speeded up to leave 7 to 9 per cent, sulfur in the product. In 
the latter case, the capacity of the furnace is about double, the gas con- 
sumption about half that when dead roasting, therefore the cost of the 
operation is correspondingly lowered. 

Concentrates preroasted to about 8 per cent, sulfur contain sufficient 
fuel for the sintering operation but if they have been dead roasted, 5 to 6 
per cent, carbon must be added. This may be fine coke or coal, or 
crushed retort residues. A charge with carbon fuel sinters more rapidly 
than with sulfur fuel, possibly because the carbon particles are exposed 
and easily ignited whereas the sulfide particles left in preroasting are 
usually coated over with oxides and are less easily ignited and burned. 

Greater care is necessary in preparing the charge for sintering than is 
the case with lead or copper ores, and Tri-State ores are somewhat more 
difficult than western ores to handle. This is due partly to the charac- 
teristics of the ores and partly to the peculiar requirements of the retort 
process. Tri-State ores particularly have a somewhat sandy character 
when roasted and tend to make a rather impervious bed unless the mois- 
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ture is held within close limits and mixing is carefully done. Coarse 
concentrates and sintered returns are often mixed in to make the charge 
more permeable. Then, for retorting, the sintered product must be 
minus 3 or 4 mesh size and as completely desulfurized as possible. There- 
fore a low-sulfur, friable, granular product must be made, which can be 
readily crushed without going to excessively fine particles. 

The charge is made up from a series of automatic feeder bins, so that a 
uniform mixture can be maintained by continuously drawing low-sulfur 
preroast from one bin, high-sulfur from another, with returns, fuel, etc., 
as required. A pug mill usually is employed for mixing, and the mixture 
is fed to the pallets through a swinging spout distributor. 



Fig. 3. — Sinter made from Joplin blende preroasted to 10 per cent-, sulfur. 

X25. 

(Reduced one- third; original magnification given.) 

Ignition usually requires a more prolonged or intense heat, for zinc 
sulfide is comparatively difficult to ignite and also the coating of oxide on 
the preroast makes ignition difficult. An ignition muffle 2 to 3 ft. long, gas 
fired, is commonly employed, gas usually being available at zinc smelters 
at lower cost than oil or other fuel. Western ores ignite more readily 
than Tri-State, In fact, as the lead and iron content of the charge 
increases, the difficulties in sintering decrease, except that the sinter is 
apt to be harder and somewhat more trouble to crush. Smooth rolls 
alone may suffice for crushing sinter from Tri-State ores, but these have 
to be preceded by spike rolls or corrugated rolls for that from western ores. 

Once sintered, there is no difference between flotation concentrates 
and coarser materials. Both make a sinter equally low in sulfur — con- 
sistently below 0.5 per cent, sulfur in the case of sintering ^'dead roast'' 
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with carbon and below 0.75 or 1 per cent, sulfur in sintering from 8 per 
cent, sulfur preroast. Physically the sinter is ideal for retorting. It 
crushes readily to granular condition and these granules themselves are 
cellular and porous, making distillation of the zinc easy and rapid. In 
the retort there is no tendency to segregate from the coal, as is the case 
wdth flotation concentrates; the residues do not slag badly, and the life of 
the retorts is prolonged. Less fuel and less “dead coal” are required, 
smelting may be carried on at a lower temperature, and recoveries have 
been found to be increased from 1.5 to 4 per cent. 



Fig. 4. — Raw wbstben zinc flotation concentbatbs. X 50. 
(Roduced one-third; original magnification given.) 


Contrary to what might be expected, there is no appreciable volatili- 
zation of zinc in sintering, when a nonvolatile coal fuel is used. No 
fume is visible coming from the stack, and baghouse tests have shown the 
dust loss to be too small to be measured. The small amount of dust 
found in the wund-box is less than 0.5 per cent, of the charge. 

Sometimes a small amount of zinc oxide crystals may be seen in the 
cavities of the sinter. Apparently any zinc that may be volatilized is 
immediately deposited rather than carried away in the gas stream. 
That this is the case is indicated by the fact that the crystals may be 
found in the upper or lower portions of the cake, indiscriminately, and 
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that no appreciable amount of fume is collected in the bags. Fig. 3 
shows a mass of these oxide crystals filling a cell hole in a sinter cake. 

Fig. 4 shows raw western zinc flotation concentrates and Fig. 5 shows 
a polished surface of the sinter made from these concentrates after 



Fig. 5. — Polished surface of sinter made from concentrates shown in Fig. 4 

AFTER PREROASTING. X 50. 

(Reduced one-third; original magnification given.) 

preroasting. When it is considered that the entire area shown in Fig. 5 
is actually about 3^^ in. dia., it is at once apparent why this angular, 
porous material cannot sift through the coal in the retort but holds its 
place to be rapidly and completely distilled. 






The Waelz Process 


By B. HoFFMAN>r,* Clatjsthal, Germany 
(New York Meeting, February, 1928) 

The Waelz process produces oxides of volatilizable metals from ores, 
metalliferous products and residues. The process was originally used 
for recovering zinc and lead, where tailings and residues containing those 
metals had accumulated at mines or smelters, but it is applicable for 
obtaining tin, arsenic or other volatilizable metals. It is useful when 
other methods of obtaining the metals from the ores or residues are too 
difficult or expensive or show too low a recover^’'. 



Fig. — 1. Daily capacity of Waelz plants running or being erected. 

The Waelz process was developed in 1923 for the treatment of large 
calamine dumps in Upper Silesia, which showed zinc contents of 8 to 10 
per cent, and lead contents up to 3 per cent. The rapid development of 
the process, from the first trials up to the plants now working or in course 
of erection, is shown in Fig. 1. The first industrial Waelz plant was 
started in 1925. Within two years the capacity of the working plants 
reached 700 tons material per day of 24 hr. During the year 1928 the 
daily capacity of the plants now at work or in course of erection will rise 

* Professor of Metallurgy and Electrometallurgy, Institute for Metallurgy and 
Electrometallurgy of the State Mining Academy. 
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to about 1900 tons, which means that per annum about 50,000 to 60,000 
tons of zinc and 10,000 to 12,000 tons of lead will be recovered in the 
shape of oxides from low-grade ores and residues by means of the 
Waelz process. 

The Flow Sheet 

The process usually is carried out as follows (see Fig. 2) : The ore 
is mixed in hoppers (1) with fuel. The mixed charge passes through a 
crusher (2) and a conveyor (3) to the kiln feeder (1), which charges it 



Fig. 3 . — General view of a Waelz plant. 


into a rotary kiln (5) adapted to the special conditions of the Waelz 
process. Cheap low-grade fuel such as coke breeze, anthracite duff or 
coal waste may be used. The ore (or tailings, residues) can be charged 
dry or as slimes. 



Fig. 4. — Inside op a Waelz plant having two kilns. 


In most cases the ore contains 10 to 15 per cent, moisture, but in some 
plants materials showing 30 to 40 per cent, of water are treated. The fuel 
consumption does not rise when moist material is being treated and the 
working in the kiln may be even better than when a material is too dry. 
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On the other hand, calcining of the carbonates or roasting of the sulfides 
is not necessary. 



Fig. 5. — Feed end op a Waelz plant, with hoppers for orb and coke. 

The residues leave the kiln at the lower end (6) . As a rule the material 
takes about 2 hr. to pass through the kiln. The air required for the proc- 



Fig. 6. — Ordinary equipment por feeding the kiln — shaking feeder. 

ess enters at the lower end where the residues leave the kiln, and flows, 
therefore, in the opposite direction to the charge. The gases leaving the 
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kiln pass through a dust chamber (8), then through a pipeline to the 
tubular cooler (9) and to the Cottrell treaters (10 and 11). The flue dust 
precipitated in the chamber is returned by an apparatus consisting of a 



Fig. 7. — Kiln with service platform and burner pou pulverized coal. 


screw conveyor plus an .elevator (4) to the hopper (1), to be remixed with 
the charge. 

Under the Cottrell plant there is a series of hoppers (12) where the 
oxides from the cooler and the Cottrell are bagged. 



Fig. 8. — Platform of a Waelz plant — discharge and firing end. 


For starting the process and later on for regulating purposes an auxil- 
iary heating mechanism (7) consisting of a burner for pulverized coal 
is arranged at the discharge end of the kiln. Oil can be used in some 
cases instead of the pulverized coal, if found to be more economical.- 
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Views of a Waelz plant and of parts of the apparatus are shown in 
Figs. 3 to 10. 



Fig. 9. — The Waelz kiln, discharge and firing end. 



Fig. 10. — Cottrell plant. 


Use of the Rotary Kiln 

Rotary kilns have seldom been used for metallurgical purposes, but 
they are in general use for the manufacture of cement. It goes with- 
out saying that the mode of working a cement kiln could not be applied 
unchanged to the running of a Waelz kiln, because the chemical conditions 
and the results are quite different. In the cement kiln, the flame is an 
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essential constituent of the process, the hot gases effecting the required 
physical and chemical modifications of the charge; also three different 
zones must be considered; the drying zone, the calcining zone and the 
sintering zone. 

In the Waelz process, in a s imil ar manner, the material fed into the 
kiln is dried and preheated to about 1000° C. at the upper end of the kiln. 
The heating is effected partly within — that is, on the surface of the charge 
— and partly indirectly, through the contact with the hot lining below 
the charge in each revolution. 

The material preheated in this manner passes into the zone of volatiliza- 
tion where the temperature, of course, depends on the nature of the respec- 
tive metal. For zinc, 1100° to 1200° C. is usually required, in order 
to attain a good volatilization. As the volatilization ceases when sinter- 
ing commences, the recovery of metals from materials of a low melting 
point is, of course, much less than from materials with a high melting 
point. The melting point of the charge can be increased by adding suit- 
able reagents such as limestone, but only if this be found economical. 

Chemical Reactions dueing Volatilization 

The chemical reactions that take place during the period of volatiliza- 
tion are carried out in two stages; viz., a reduction of the oxides takes 
place inside of the charge and the reducing gases and metal vapors escap- 
ing from the charge burn in the oxidizing kiln atmosphere. These two 
operations are described by the following two formulas : 

1. Inside the layer of material: ZnO -|- C — »■ Zn (vapor) -[- CO. 

2. In the atmosphere of the kiln, above the material: Zn (vapor) + 

CO O 2 — ^ ZnO CO 2 . 

When the formulas are added one obtains as a summary of the several 
operations, inside and outside of the charge, the simple exothermic oxida- 
tion of the carbon used for reduction to CO 2 . It does not matter whether 
the several intermediate reactions proceed according to the formulas or 
whether stiU other intermediate reactions take place. 

Those stages can well be observed when working. Over the whole 
extent of the zone of volatilization one can see continuously little green 
flames colored by the combustion of zinc. Towards the end of the vola- 
tilization zone, the zinc contents become less and in conformity the 
development of CO and zinc vapors cease. The flames become smaller 
and show less color, and pass over into a light yellow flame caused by 
direct combustion of the carbon on the surface of the charge. The occur- 
rence of this flame is a good sign of thorough volatilization of the zinc. 

The development of the metalliferous zinc vapors and of the CO on 
the surface of the material is of such a uniform extent that the oxidizing 
atmosphere in the kiln caimot touch the charge. 
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The Waelz process therefore can be used for the treatment of sulfide 
ores, without elimination of the sulfur by previous roasting. Under the 
reducing conditions inside of the charge of the Waelz kiln, the sulfide of 
zinc, for instance, is decomposed by oxides of nonvolatilized metals or 
earth alkalis, contained in the raw material or added to the charge, the 
sulfur remaining in the charge in the form of fireproof sulfides such as 
CaS, FeS, CuaS, etc. The volatilization of zinc then proceeds as follows : 

ZnS + CaO + C Zn (vapor) + CaS + CO. 

The exclusion of the oxidizing gases from the charge is so complete 
that only insignificant traces of SO 2 are produced. Small quantities of 
sulfur which may be distilled by decomposition, for instance of FeSj into 
FeS + S are neutralized by forming sulfates with the oxides of zinc or 
lead. In all cases only traces under 0.01 per cent, of free SO 2 have there- 
fore been found analytically. 

The gases from a coal fire contain as a rule 0.1 per cent, of SO 2 , there- 
fore no notice need be taken of the SO 2 contents in Waelz plants. 


Heat Used in Waelz Process 

Contrary to the cement process, the quantity of heat used in the Waelz 
kiln is not produced by a flame but almost exclusively by the combustion 
of the reduction gases and the metalliferous vapors. As the reduction of 
the zinc oxides in the charge needs the same quantity of heat as that 
liberated by the oxidation of the zinc vapors, the process shows only the 
following losses of heat : 

1. The heat in the waste gas. The gases leave the zone of volatiliza- 
tion at a temperature of 1000'* to 1100° C. In the preliminary heating 
zone, however, they give up the greater part of heat, the final waste gases 
only showing 300° to 600° C. In ordinary working the composition of 
the waste gas is: 0 to 1 per cent. O 2 , 0 to 2 per cent. CO, 18 to 28 per cent. 
CO 2 , which depends, of course, on the quantity of carbonates in the charge. 
As the contents of oxygen are very low, the quantity of gases is likewise 
comparatively small, which means that the loss of heat in comparison 
with other processes is small. 

2. The heat taken up by the charge in the volatilization zone. A 
part of this heat is recovered for the purposes of the process by preheating 
the air entering the kiln. 

3. The quantity of heat radiated through the kiln wall. For a good 
working, the heat produced in the entire zone of volatilization should 
cover these losses of heat specified under heads 1 to 3. Too great a 
development offbeat at any place of the volatilization zone should, how- 
ever, be avoided, because there is then a risk of accretions being formed. 
On the other hand, if too little heat is developed, it should be compensated 
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by a small flame. This flame can by no means increase the temperature 
in the entire zone of volatilization; it oulj- preheats the air and thereby 
reduces the loss of heat. The temperature in the volatilization zone and 
the chief development of heat in that zone are regulated by the speed of 
the rotation of the kiln and by the amount of material fed. 

Comparison of Waelz Kiln with Cement Kiln 

These essential differences in the working of the cement kilns and 
the Waelz kilns are shown in Fig. 11. The data for the first diagram 
dealing with the manufacture of cement are taken from the article by 
E. S. and E. Ernst, South Dakota Cement Plant, Rapid City, S. D. 



The second diagram (Fig. 12) resulted from a Waelz test. The kiln 
was stopped for a moment during the normal working while the dif- 
ferent samples were taken with spoons with long handles, at both ends 
of the kiln. This kind of sampling may give rise to some inaccuracy. 
By numerous tests carried out in this way it has, however, been proved 
that the figures found are sufficiently exact. During the trial shown in 
this diagram a zinc ore high in silica was treated. The kiln charge con- 
sisted of ore and coke breeze and contained 15.89 per cent. Zn. 

VOL. 76 . — 35 . 
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In these diagrams, for the sake of better comparison, both kilns are 
drawn in such a way that the various lengths are given in percentages of 
the total length of the kilns. The diagram of the cement kiln shows that 
the preheating of the charge requires 60 per cent, of the total length. At 
40 per cent, of this length begins the calcining and nearly at the same time 
the solution of the silica. On the other hand, in the Waelz process the 
heating of the charge only needs 20 per cent, of the total length of the kiln. 
By reducing the oxides of iron, eliminating the CO 2 as well as the water of 





Pig. 12. — Volatilization of zinc in the Waelz process. 


the hydrates, the zinc contents on the point marked “80 per cent.’^ 
of the kiln length are higher than in the original charge. The material 
in this zone reaches the temperature required for reducing the zinc. The 
volatilization of zinc then takes place over the whole length of 82 to 6 per 
cent. ; viz., in about 75 per cent, of the kiln length. The curve shows that 
the volatilization during all this time proceeds almost uniformly. The 
speed of this volatilization and the length of the reaction zone are deter- 
mined by the speed of the kiln and the quantity of material charged, as 
already shown above. 

Capacity of Plants Increased 

Development in industrial plants during the last two years has 
brought the following results: 

The dimensions of the kilns have been gradually increased. 
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The trial plant at Fried. Krupp Grusonwerk A. G. of Magdeburg 
has been equipped with a kiln of a daily capacity of 10 to 15 tons. 

The first industrial plant had a daily capacity of 40 to 50 tons, and 
the kilns installed later on of 80 to 120 tons. Some of the plants now 
being put up contain kilns of a daily capacity of 200 tons. One may 
assume that at the present stage of technology with kilns of 350 to 400 
tons the maximum capacity ■will be reached. 

Cost of the Waelz Process 

The cost of working Waelz kilns depends, of course, on local conditions 
with regard to expenses for fuel, wages and power. The consumption of 
waste fuel such as breeze, anthracite duff, etc., amounts to about 25 to 30 
per cent, of the ore and the power needed to 20 to 30 kw.-hr. per ton, 
including transport to the plant. 

Very little labor is required for Waelz plants, as charging and dis- 
charging can be arranged mechanically. 

The working costs depend also on the size of the kiln, because fuel 
and power needed per ton of material decrease with larger kilns and the 
number of hands remain about the same as needed for small kilns. It 
may be presumed that under advantageous local conditions a material 
containing 4 to 5 per cent, of zinc may still be treated profitably, if the 
material comes from a dump or an existing plant, and if the commercial 
value of its zinc contents may be looked upon as being near zero. 

This low economical limit shows the progress made by introducing the 
Waelz process for the treatment of materials not capable of being handled 
by the methods known hitherto. In one big plant an ore containing 
exclusively lead in the form of galena and cerussite is being treated. 
The ore is dressed wet mechanically, concentrated up to 13 per cent. Pb 
and then subjected to the Waelz process. The residues contain less than 
0.5 per cent. Pb and the oxides from the Cottrell collector about 78 per 
cent. Pb containing a mixture of lead oxide and lead sulfate. 

Purity of Oxides Obtained 

To some degree the volatilization of metals depends, as already 
stated, on the melting point of the charge. In cases of a low melting 
point the volatilization may drop to 85 per cent., while in general it 
amounts to 90 per cent, and more. 

The purity of the zinc oxides depends principally on the speed of the 
gas leaving the kiln in the flue-dust chamber. In one plant treating 
calamine of 10 per cent. Zn -f- Pb an oxide containing 68 to 75 per cent, 
of Zn -}- Pb is obtained. The flue dust, which returns automatically to the 
charge, amounts to 2 to 3 per cent, of the ore and contains 30 to 45 per 
cent. Zn Pb. 
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The inclination of the charge to form accretions varies considerably 
with the different raw materials. It happens most frequently with 
charges having components with widely different melting points. These 
accretions are caused in all cases by local excess of heat attributable to 
lack of uniform charging. If the working of the plant is well regulated, 
no difficulties from accretions should be expected. 

Sometimes by adding reagents such as common salt to materials 
containing sulfur, various reactions of an accessory nature were created, 
in order to increase the formation of volatile compounds of metals. 

Finally it has been shown that in many cases the metals contained in 
the material can be recovered in several products. For instance, zinc 
and lead may be recovered separately by volatilizing the lead in the first 
stage of working and following this operation by a process for volatilizing 
the zinc. If the lead contents of the ore are low, it will be more eco- 
nomical to volatilize Pb + Zn together. The recovered oxides, contain- 
ing perhaps 5 to 10 per cent. Pb, can then be retreated in order to recover 
a lead product. The zinc oxide is then not volatilized, but discharged in 
a sintered state from the kiln. This agglomerated zinc oxide is consider- 
ably better than the nonagglomerated oxide for the manufacture of 
spelter in muffles. 


DISCUSSION 

A. L. Queneatj, New York, N. Y. (written discussion). — The Waelz pro(‘ess is 
essentially a fire method of concentration. This is well shown in the case cited in the 
paper of a plant in Silesia where the treatment of old tailings (zinc plus lead 8 to 13 
per cent.) gave a fume with 65 to 75 per cent, zinc plus lead. In my own experience, 
also in Silesia, from a zinc furnace residue assaying 4.73 per cent, zinc and 2.14 per cent, 
lead, I have obtained a mixed fume carrying 54.8 per cent, zinc and 18.8 per cent. lead. 
The Waelz process allows, further, the separation of the various metals contained in 
any given ore, according to the order of volatility of their compounds. Thus lead, 
zinc, arsenic, cadmium, etc., may be separated from iron, manganeso, copper, nickel, 
etc. Silver goes in part with the fume, the balance remaining in the kiln residues; 
gold wull usually stay in the residues, especially if copper is present. 

The process is carried out in a rotary kiln of the same general type as that used in 
the Portland cement industry. The similarity between the cement process and the 
Waelz process may be emphasized. In both processes it is essential that sintering 
and not fusion should occur, and the mass under treatment should remain at ah times 
in a practically ‘'dry” state. The volatilization of zinc and lead is hindered when a 
pasty condition is reached, the operation of the kiln becomes difficult with the semi- 
fusion or fusion of the charge, and waU accretions in the form of rings will then 
take place. 

In the Waelz process, the required fuel for heating and for reduction is usuaUy 
added to and mixed with the charge. This is in contradistinction to cement practice, 
where firing takes place at the discharge end of the kihi, the fuel being pulverized 
coal, natural gas or oil. 

The charge in a Waelz kiln usually forms a long, contiiiuous cylinder, called a 
^‘sausage” in Germany. In the zone of volatilization the conditions within the 
“sausage” are very like those prevailing within an ordinary zinc retort. There is 
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present a large excess of glowing carbon, finely disseminated and in intimate contact 
with the particles of zinc and lead compounds. Reduction takes place with the 
formation of metallic zinc in the form of vapor and carbon monoxide, according to the 
chemical reaction 

ZnO + C — ^ CO -f- Zn — 57,000 calories. 

The liberated gases find their way to the surface of the cylinder, where in contact 
with an oxidizing atmosphere, air being admitted at the discharge end of the kiln, 
the}' are reoxidized according to the reaction 

Zn + CO + O 2 + 4 N 2 ZnO + CO 2 -f 4 N 2 + 57,000 calories. 

There is thus a balance between the endothermic and the exothermic reactions. 
Beyond the fixed carbon required for the above reaction, fuel is also needed to maintain 
the kiln at the reacting temperature. Heat losses occur as follows: 

1. Radiation. 

2. Calories carried away by the products of combustion with their fume burden. 

3. Dehydration and calcination of the charge. 

4. Calories carried away by the final residues. 

From the above, it would appear that the fuel requirements beyond those neces- 
sary for reduction, for a given tonnage, should follow closely those of the cement 
industry, 18 per cent of fuel or less, varying with the size of the kilns, process, etc., 
reckoned on the clinker production. The fuel requirements in the Waelz process 
usually vary between 25 and 30 per cent, of the weight of the kiln feed. 

Again, as in the cement industry, the Waelz kiln requires a close chemical control 
of the charge, care being taken that the final residues are of such composition that 
they are infusible at the temperature of the discharge zone. As in zinc retorting 
practice, the presence of an excess of carbon in the final residues will be of material 
assistance in preventing the coalescing of fused particles. 

As pointed out by Professor Hoffmann, uniformity of operating conditions, such 
as rate of feed, physical and chemical character of the charge, temperature, etc., 
makes for ease of operation and freedom from wall accretions and rings. Prevention 
is better than cure; it is easier to avoid rings than to remove them. 

The zinc and lead fume of the same fineness as that of zinc oxide manufacture is 
carried away from the kiln in the products of combustion and is collected either in 
bag rooms or in appropriate Cottrell electric precipitators, tube or plate type, or a 
combination of both. 

The draft requirements are met by exhaust fans placed either at the tail end of the 
system in the case of Cottrell, or ahead of the bag room. 

The paper presented by Professor Hoffmann is timely, as it gives us a picture of 
the present-day status of the Waelz process. 

A. L. Queneau (oral discussion). — I wish further to emphasize the very close 
analogy between the Waelz kiln and the cement kiln. The trend of the cement 
practice has been to compound the charge very fully, thus we are passing very rapidly 
from the dry process of cement manufacture to the wet process, and I think one of 
the main advantages of the wet process is that there is very intimate contact between 
the particles of the various materials forming the charge. In the same way, in the 
Waelz plant, the charge should be very thoroughly mixed and the crushing should be 
pushed quite far, at least through 10 mesh. The recovery is especially good with 
lead; it can be said that in the case of lead, at least with zinc furnace residues, the 
recovery of lead is total. In fact, we gather more lead than the sampling and analyz- 
ing of the f urn ace charge will show by the ordinary methods of analysis. The recovery 
for zinc can be depended on to be 90 per cent, and over. With German furnace 
residues which, as stated, were a little over 4 per cent., the recovery was over S8 per 
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cent. Of coursCj it is not expected that a pigment grade of oxide will be made. 
The oxide oldained, for lack of a better name, could be called a metallurgical oxide; 
that is, an oxide that will bo stock material for further treatment, either for the pro- 
duction of slab zinc or as a lithopone l)asc, or for other uses. 

The separation of the lead, and maybe silver, contained in this oxide, probably 
would have to take place along the line indicated by Professor Hoffmann, or perhaps 
better, in a hydrometallurgical wa 3 ^ 

A. Schmidt, Los Angeles, Calif. — There is no question but that the development 
of the "Waelz process constitutes a valuable forward step in the treatment of certain 
ores, as well as zinc residues, but I would like to call attention to one point of historical 
interest, so that credit can be given where credit is due, for early pioneering work. 
In Dr. Hoffmann’s paper, much emphasis is laid upon the difference between the 
Waelz process and the portland cement process, but it seems to me that we should 
not forget the early pioneering work done by Pohle and Croasdale in the 90’s, in their 
endeavor to accomplish the volatilization of metals from ore by the chloridizing- 
volatilization process. They used a rotary kiln and endeavored to collect the fume 
in a bag house. Many years later, the Cottrell process of electrical precipitation was 
also used in eounection with experimental work following up the Pohle and Croasdale 
investigations on the chloriclizing-volatiKzation process. These investigators all 
en(‘Oiintered the slagging difficulty of which the importance is emphasized in Dr. 
Hoffmann's paper, and no large-scale commercial installations were built. Appar- 
ently the essential features of the present Waelz process, differentiating it from the 
early work referred to, lies in the fact that a reducing agent is added to the charge in 
the kiln. This brings about different chemical reactions while the presence of the 
coke breeze and the absence of salt apparently eliminate the fusion difficulties to a 
large extent. After all, however, the general idea of volatilizing metals by treating 
ore in a rotary kiln and collecting the resulting fumes for tho recovery of the metal 
values, can be carried back more than 30 years. 

A. L. Quenbau. — I might emphasize the point raised by Mr. Schmidt as follows: 
Really, in the Waelz process, we have a magnified zinc retort. We have no special 
reactions taking place that do not take place in the ordinary zinc retort. In the 
bottom of the large rotary kiln there is a bolster or a sausage of charge that may be 
2 ft. thick. The kiln revolves very slowly, perhaps at the rate of 1 r.p.m. or ^ r.p.m., 
and in this sausage, in this bolster, revolving slowly, unbroken and continuous, we 
have exactly the same conditions that prevail within a zinc retort; the reactions that 
take place are the reactions between the carbon and the zinc oxide, spinels, etc. We 
sec t.he gases resulting from the reactions, forcing their way through the loose walls of 
the bolster and burning in contact with the oxidizing atmosphere. No new chemical 
reactions are involved: it is purely the old zinc process. 

However, as we know, we cannot collect metallic zinc in an oxidizing atmosphere. 

The equations given on page 549 should be corrected and completed as follows: 

ZnO -j" C — > CO Zn — 55,640 

-84,800 -f 29,160 [1] 

Tho gases are oxidized as per the equation 

Zn + CO + Oo + 4 N 2 — > ZnO -j- CO 2 + 4 N 3 = +152,840 [2] 

-29160 +84800 +97200 

The final thermal balance of the equations 1 and 2 is a heat liberation of 97,200 calories. 

Equation 1 takes place only at a temperature of 1100° C. and over; temperature 
at which the kiln lining and the charge are raised and maintained. 

The fuel requirements of the Waelz kiln are usually met by the combustion of 
25 to 30 per cent, of the weight of the charge. The carbon required for the reduction 
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of the zinc oxide, equation 1, must be supplied as fixed carbon, preferably in the form 
of coke breeze; the remainder of the fuel may be soft coal, oil, tar, gas, etc. 

It may be added that zinc and heat are inimical; i.e., under reducing conditions, 
the higher the temperature of operations the lower will be the zinc contents of the 
final residues; the temperature of economical operations being limited only by the 
resistance of the refractory lining of the furnace.^ 

W. G. Waring, Webb City, Mo. (written discussion). — The Waelz process 
is founded upon correct principles applicable to the reduction of zinc in contact 
with carbon, or of zinc sulfide in contact with lime and carbon, at a cherry 
red heat (1150° to 1200° C.), provided that the materials do not fuse at that tem- 
perature; for, as Professor Hoffmann says, ^‘the volatilization of zinc ceases when 
sintering commences.” 

There is abundant proof that zinc cannot be volatilized from molten slags to 
any considerable extent, even by bessemerizing with a hot-air blast, at any tempera- 
ture short of the boiling point temperature of zinc oxide (1400° C.). At this tem- 
perature, however, it can be completely volatilized from slags, or from any other 
material. It is possible, I believe, that manj' zinc sulfide ores could be fumed suc- 
cessfully if fed in a fine powder into a Stetefeldt shaft furnace of sufficient height, 
provided with an abundant supply of oxygen, without the aid of any carbonaceous 
fuel at all, after the furnace is preheated to 1400° or over, if such a furnace could be 
constructed to withstand the tremendous heat of reaction.^ 

Mr. Quencau says that the Waelz process allows, further, the separation of the 
various metals contained in any given ore, according to the volatility of their com- 
pounds. It is with regard to this point that I wish to call attention to the important 
difference between zinciferous fume produced by the low-temperature “reduction- 
volatilization-oxidation” process and that produced by simple high-tempera turc 
“oxidation- volatilization,” without prior reduction or other preparation. 

When complex zinciferous ores, especially those containing fluorine, arsenic, 
selenium, tellurium, molybdenum, or any one of these elements, with silica, are 
fumed by low-temperature reduction-volatilization-oxidation, the fume product 
does not consist of simple oxides, or oxysulfates, but is a mixture of many complex 
combinations, as shown by the fact that the zinc contained in the fume is more or 
less insoluble in such usual solvents as ammonium carbonate, or dilute sulfuric 
acid, while on the other hand that produced from the same complex ores by high- 
temperature oxidation- volatilization alone yields its zinc content completely to 
such solvents. 

The reason for this difference may be inferred from a comparison of the volatili- 
zation points of the elements and their oxides as shown in Table 1, it being assumed 
that the volatilization points as determined are nearly identical with the temperatures 
of condensation, which up to now have not been well investigated. 

The reduction of zinc oxide to elemental zinc by heating with carbon requires a 
temperature approaching 1100°, in practice. Antimony and bismuth oxides reduce 
at somewhat lower temperatures, while cadmium, tin and load are reducible at 800° 
or less. It will be noticed that Zn is volatile at 470° below the volatilization tem- 
perature of its oxide; lead at 52° below the volatilization temperature of PbO, while 
all the other volatile metallic elements have higher boiling points than those of their 

^ This follows from Le Chatelier’s theorem: “Any change in the factors of equi- 
librium from outside is followed by a reverse change within the system.” The 
reduction of zinc oxide absorbing heat, an increase of temperature wiU be followed 
by an advance in zinc reduction. 

2W. G. Waring: Zinc Compounds at High Temperatures. Min. Met (1925) 

e, 610. 
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oxides; also, that the sulfides of Za, Cd, Pb, Sb and As are all volatile at teiiipcraturos 
very much below that at which gaseous ZnO condenses into fume. It follows, 



therefore, that if all these volatile elements or their 
sulfides (such as are capable of sublimation without 
decomposition) are liberated in the gaseous (vapor) 
phase at a temperature of, say, 1100°, in a reducing 
atmosphere, and these vapors are subsequently 
oxidized by contact with atmospheric oxygen while 
cooling, a system is presented in which a very largo 
number of eutectic combinations can take place, 
with zinc as component of possibly the greatest 
number of them. 

On the other hand, if the same elements are 
liberated ab initio as oxide vapors in a eompletoly 
oxidized atmosphere, at or above the temperature 
at which zinc oxide sublimes and the vaporized 
oxides arc cooled gradually, the vapors will condense 
selectively in the order shown in the first line of 
figures in Table 1, the ZnO first, as chemically 
pure acicular crystals, and the other oxides and 
oxysulfates as pure white fume particles, including 
zinc oxide, of course, but no insoluble complexes. 
That this is the case has been proved by a large 
number of actual furnace and leaching tests, con- 
ducted upon a semiconnncrcial scale, thus opening 
a previously unexplored field in non-ferrous metal- 
lurgy, of greater importance, probably, than selec- 
tive flotation, because its application rests on a 
simple scientific basis and its products arc separable 
into definite homogeneous chemical groups instead 
of indefinite mechanical mixtures of slimed 
minerals. 

R. Hoffmann (written discussion*). — I agree 
with Mr. Queneau that the preliminary work 
offered by the cement industry in connection with 
the apparatus for the rotary kiln method was ex- 
ceptionally valuable for the rapid introduction of 
the Waelz method in practice. The Gruson'werke 
especially, which had had extensive experience in 
the construction of cement kilns, was able to apply 
advantageously the knowledge obtained there, in 
the construction of Waelz installations. However, 
the similarity of the two methods is only external; 
the execution of the Waelz process is vastly different 
because of the different thermal processes in] the 
kiln. The details of the processes are evident from 
the dezincing diagrams in the paper. 

As regards the further statements of] Mr. 
Queneau, they give me no reason for taking a stand 
on one side or the other. A yield of more than 100 
per cent, lead is explained by experiences obtained 

* Translated from the German. 
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in other plants. It evidently must be explained without more ado by the inaccuracies 
in lead analysis, as it is olndously not easy to doterniine lead content of from 1 to 2 
per cent, so exactly that the lead balances in the charge and product. 

The statements by Mr. Schmidt, which are essentially historical, were refuted by 
my paper on the Waelz method, which was read before the Gescllschaft deutscher 
Metallhlltten und Bergleute in Berlin on May 3, 192S, properly supplemented (see 
Met all und Erz, 1928j. 

The statements of Mr. Waring give rise to the question as to whether the Stetofcld 
furnace is at all suita]:)le for volatilization processes. There are considerable errors 
in the talkie of volatilization temperatures given by Mr. Waring. This table contra- 
dicts not only all previous scientific investigations, but also all direct practical observa- 
tions when it asserts that zinc oxide can be volatilized at 1400® C., and zinc sulfide at 
1180® C. A process that depends on the direct volatilization of the oxide has boon 
developed by the Gmsonwerke (Friedrich Krupp, Giaisonwork A.-G., Madgeburg- 
Buckaii) in the so-called sintering method for removing zinc and lead from flue ash. 
Any extensive application of this method to zinc must fail from the beginning, because 
at the temperatures given by Mr. Waring the volatilization of zinc compounds has 
not yet started. 

As regards the other data given hy Mr. Waring, I would like to advance the figures 
given by Professor Kohlmeyer in his address before the Gescllschaft Deutscher 
Metallhiittcn und Bergleute on Sept. 8, 1928, with the reservation that an explanation 
of the question in all its details is not yet possible but that it is absolutely necessary, 
before taking a further stand on the question, to view the detailed results of the 
experiments quoted by Mr. Waring. Professor Kohlmeyer® reaches the results shown 
in Table 2. 


Table 2. — Data from Kohlmeyer' s Paper 


Metal 

Metal Oxide 

Metal Sulfide 


Molt- 

Boil- 


Molt- 


Boil- 


Melt- 

Volatil- 

Volatil- 

Boil- 


ing 

ing 


ing 

Volatilization 

ing 


ing 

ization 

ization 

ing 


Point 

Point 


Point 

Begins 

Point 


Point 

Begins 

m Prog- 

Point 











re.ss 


Sn 

232 

2270 

SnOa 


/'-1 500 


SnS 

870 

9 

830 

? 

Cd 

321 

766 

CdO 


900 

1390 

CdS 


? 

980 

? 

Pb 

327 

1555 

PbO 

883 

800 

1475 

PbS 

1112 

? 

950 

? 

Zn 

419 

906 

ZnO 


1300 

>2000 

ZnS 


7 

1182 

7 

Cu 

1083 

2305 1 

CuaO 

CuO 

} 1230 

Deconipo.<«ition i 
with evolution 

O 

1 

CuS 

1130 

o 


? 

Fe 

1530 

3200 { 

Fg>03 

FesO^ 

1565 

1527 

of oxygen 

i 

i 

FeS : 

1180 

0 


*) 


® Kohlmeyer: Zur Fliichtigkeit von Schwcrmetallverbindimgen in hiittenman- 
nischen Prozessen. Metall und Erz. (1928) 26 , 425. 




Twinning in Metals 

By C. H. Mathbwson,* New Haven, Conn. 

(Institute of Metals Division Lecture, t 1928) 

Microscopic metallography has been exploited quite well enough to 
bring about a very general understanding that the typical metal or alloy 
is composed of minute crystalline particles blended into a coherent 
microstructural mosaic. One does not have to be a specialist in metal- 
lography to realize that the properties of such an aggregate are essentially 
a summation in appropriate form of individual effects derived from the 
shape, size, placement or orientation and cohesive characteristics of the 
component particles. 

It is clearly of great importance to consider the various forms of 
discontinuity which may occur at the boundaries between these crystal- 
line particles. When a number of particles each possessing the same 
orderly arrangement of atoms are brought together into a close-fitting 
system of purely haphazard contacts, not unlike a handful of snowflakes 
compacted into a snowball, the particles are said to possess random 
orientation. There are no generally accepted views concerning the 
arrangement of the atoms or the constitutional reaction between atoms 
where one crystal meets another, but these contact regions are charac- 
terized by strength rather than weakness and it is customary to require 
the presence of many rather than few boundaries in preparing metal 
for useful service. 

Under certain circumstances all of the particles in a metal may be 
nearly alike in orientation. Other general tendencies of orientation may 
be associated with particular forms of mechanical and thermal treatment. 

In contrast with these cases of fortuitous or statistical diversity of 
orientation, we often find adjacent particles united along a plane which 
possesses a grouping of atoms belonging equally well to both structures. 
This, of course, determines a fixed relationship between the two orienta- 
tions and it is always possible to derive one from the other by some form 
of rotation or reflection prescribed by the symmetry of the crystal 
structure under consideration. Particles united in this manner are 
known as twin crystals although the term refers to the form of association 
rather than the number of individuals concerned. 


* Professor of Metallurgy, Yale University, 
t New York Meeting, February, 1928. 
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Twinning, in common with other features pertaining to the crystalline 
habit of minerals, is of value in identifying them and has been thus far 
considered chiefly from that point of \iew. In the field of metallurgy 
it is important as a form of structure alteration which appears to be 
vitally concerned in many metallurgical processes. In approaching this 
subject I have first sought to discover the extent to which twinning has 
been observed in the general list of metals. 

Twinning in the Common Metals 

All of the metals which come frequently into the hands of every 
observer and may therefore be termed common metals — namely, copper, 
silver, gold, iron, aluminum, zinc, lead, tin, nickel, and platinum — are 
quite definitely known to occur in the form of twinned crystals, with the 
possible exception of aluminum, after an appropriate life history in 
which stress and heat treatment are chiefly instrumental. 

In some of these cases, twinning was recognized in native metals or 
in special preparations, e. g., isolated crystals, long before the day of 
wholesale examination of metal structures by the methods of the metal- 
lographic laboratory. Thus, crystals of native gold and copper twinned 
along an octahedral plane are described by Dana^ and the large hand- 
books^ tell us that twinning of the same form has been observed in 
natural crystals of the other face-centered cubic metals, silver, lead, 
platinum (and iridium) . 

The ordinary microstructures developed in metals by polishing and 
etching do not lend themselves readily to the quantitative interpretation 
of crystallographic characteristics, aside from the size of the crystalline 
grains, but they do permit instant recognition of the twin relationship 
in so far as this is revealed by the customary rectilinear trace of the 
twinning plane in the surface under observation and the uniform colora- 
tion of polysynthetic twin lamellae, which often occur in great profusion. 
These structural features give character and individuality — ^in fact, an 
impressionistic cubist appearance quite evident in Fig. 1 — ^to the familiar 
photomicrographs of hot-worked or cold-worked and annealed copper, 
silver, gold, and their alpha solutions. 

Copper and Alpha Brass 

Although it is generally assumed that recrystallized copper and alpha 
brass twin along octahedral planes, Tammann and Meyer® report twin- 

^E. S. Dana: Textbook of Mineralogy, 3d Ed., 1922, 173, 350 and 353. John 
Wiley <fe Sons, Inc., New York. 

®E. S. Dana: System of Mineralogy, 6th. Ed. 1892. John Wiley & Sons, Ine., 
New York. 

P. H. Groth: Chemische Kristallographie, Part I, 1906. W. Engelmann, 
Leipzig. 

® G. Tammann and H. H. Meyer: Die Aendening der Kristallitenorientierung 
bei der Rekristallisation von Kupfer. Ztsch, fur Metall. (1926) 18, 176. 
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ning along trapozohodral planes of form {211} in their samples of rocrystal- 
lized copper, some of which were prepared by mildly cold-working sections 
taken parallel to the cooling surface of a casting and then annealing for a 
period of one hour at a temperature of 750° to 800° C. Moreover, quite 
recently C. F. Elam,^ in an X-ray examination of what appeared to be well- 
marked twin bands in a sample of native copper, could find no important 
crystal plane or direction common to both parts of the structure. 

No crystallographic measurements sustaining the first assumption 
were discovered, although it can scarcely be doubted that others in 
common with observers in the Hammond Laboratory have found slip 



Fig. 1. — Twins in alpha brass. 


bands, universally held to follow the octahedral planes, parallel and 
otherwise appropriately related to the twin bands in strained samples of 
annealed copper or alpha brass. In order to test this assumption further, 
A. J. Phillips® prepared samples of coarse-grained copper and 70:30 
brass cut and polished on two planes intersecting at right angles so as to 
permit measurement of the angles between two, three, or even four hypo- 
thetical twinning planes in a given crystal and the edge in each surface 
plane. The poles of these planes were then located in a stereographic 
projection and the distances between planes were measured. The two 
copper crystals and eight brass crystals investigated all gave measure- 
ments approximating to the nearest degree of arc the correct angles, 
70°, SI'', 44" or 109°, 28', 16" between octahedral twinning planes, and 

^ C. F. Elam : Banded Structure in Aluminum and Copper. Nature (1927) 120, 
259. 

sA. J. Phillips: Twinning in Copper and Brass. Proc. Inst. Metals Div., 
A. I. M. E. (1928) 429. 
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furthermore a similar analysis of internal twin bands in both parts of a 
twinned copper or brass crystal left no doubt that the twinning axis was 
perpendicular to the observed composition plane. 

This work proves that twinning in recrystallized copper or alpha brass 
sometimes if not always occurs parallel to an octahedral plane around 
an axis normal to this plane. 

Steel and Iron 

It is well known that the austenitic steels, which may be considered 
to represent gamma iron, yield twinned sti-uctures which are scarcely 
to be distinguished from the familiar copper and brass structures. This 
twinning has been observed in plain carbon steel in the form of a record 
left after etching at a suitably elevated temperature, ® although it is not 
possible to hold the metal wholly in the gamma condition on cooling. 
Osmond and Cartaud^ affirm that “the octahedral faces are at the same 
time planes of translation, planes of twinning, and planes of junction” 
in gamma iron and this applies to twins produced by simple deformation 
as well as to those produced by annealing after deformation. 

Twinning in ferrite, or body-centered cubic iron, has been precisely 
described in a recent paper by McKeehan^ who, by analyzing the specular 
reflection from bright cube faces left by etching in dilute nitric acid, finds 
the twin crystal united along planes of form {211} in such manner that a 
common orientation would result by rotating one part through 60° 
around an axis of form [111]; one of the axes of threefold symmetry. 
S. Tamura^ within the past year has reported an occurrence of occasional 
bands in the ferrite grains of wrought iron and mild steel under the name 
“pseudo twins,” not intended to define them specifically as pseudomorphs 
of earlier bands in austenite, but to emphasize his impression that metals 
which crystallize in the body-centered cubic lattice seldom, if ever, form 
annealing twins. 

The twins observed in Anneo ii'on wire by McKeehan were produced 
probably as a result of incidental mechanical disturbance during the 
process of growing a crystal of alpha iron by causing it to feed on a 
reserve of transforming gamma iron supplied continuously by uniform 
progression of the wire through a suitably heated zone. Although the 
wire was cold-worked to begin with, the temperature conditions set up 
in the process would appear to require that these twins be regarded as 

® M. A. Baykoff: Sur la Structure des Aciers aux Temp6ratures Elcvees. Rev. 
de Met. (1909) 6, 829. 

^ F. Osmond and G. Cartaud: The Crystallography of Iron. Jnl. Iron and Steel 
Inst. (1906) 71, 444. 

sL. W. McKeehan: Twinning in Ferrite. Proc. Inst. Metals Div., A. I. M. E. 
(1928) 453. 

®S. Taniura: Notes on Pseudo-Twinning in Ferrite. Jnl. Iron and Steel Inst. 
(1927) 116, 747. 
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annealing twins rather than mechanical or deformational twins, following 
the form of classification so generally adopted by participants in this 
field of research. I question the inherent value of this distinction and 
look forward to the time when sufficient evidence is available to prove the 
origin of all twin structures. At present it may be confidently asserted 
that twinning, quite in common with recrystallization, never occurs as a 
result of annealing metals which have passed tranquilly from the liquid 
to the solid state but is induced by strain and that recrystallization and 
twinning are mutually reactive at some stage of the combined deforma- 
tional and annealing process. Thus all twins may be of mechanical 
origin and outstanding differences due to their original dimensions and 
their subsequent behavior on annealing. 

Neumann Bands 

About twenty-five years ago O. Mugge^“ made a careful crystallo- 
graphic study of the characteristic lamellae, commonly known as Neu- 
mann bands, which ordinarily appear when iron is deformed by sudden 
impact. An earlier observation by Linck^^ that these lamellae followed 
planes of form {211} was confirmed by Miigge who observed the directions 
of the lamellae on cubic cleavage planes and measured the angles of 
contact between the intersecting surfaces. A complete interpretation 
of the results was offered, according to which twinning along the plane 
(112) brought about a transformation of (010), (100) or (001) planes into 
(lT2), (112) or (110) planes, respectively. 

Some twenty years later, Miiggc^^ pointed out that on the basis of 
the twinning characteristics previously established, alpha iron would 
have to crystalhze in the body-centered form of the cubic lattice, as has 
been amply demonstrated by the modem X-ray methods. 

In spite of the definite outcome of this pioneering work, the Neumann 
bands in iron have given rise to a long-continued controversy. Howe 
gave elaborate attention to this subject in a long chapter of his well 
known treatise*® under the caption, “The Neumann Bands or Mechanical 
Twins in Ferrite,” which fairly reveals his position in the matter. He 
demonstrated that these bands habitually occur parallel to planes of 
form {211} (quite in agreement with Osmond, Miigge, Linck and others) 
but no means of detecting the exact change of orientation across the 
provisional twinning plane could be found and hence complete proof of 
crystallographic twinning could not be deduced. 

*“0. Mtigge: Uber neuere Strukturflachen an den Krystallen der gedicgenen 
Metalle. Jahrh.fur Min. (1899) 2, 55. 

Ztschr. fiir KristaU. (1892) 20, 209. 

12 0. Miigge: Striiktur und einfache Schiebungen des Eisens. ZUchr. anorg. 
Chem. (1922) 121, 68. 

13 H. M. Howe: The Metallography of Steel and Cast Iron. 1916. McGraw-Hill 
Book Co., Inc., New York. 
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Conflicting points of view are emphasized by the rather recent work 
of O’NeilP^ and Rosenliain and McMinn^° on this general subject. The 
first of these authors confirms the earlier location of a provisional twinning 
plane {211} and presents interesting arguments as to the inherent proba- 
bility of twinning on the ground of a simple translatory mechanism 
which would readily yield twinned structures. On the other hand, 
Rosenhain and McMinn were unable to trace shp bands through Neu- 
mann lamellae in conformity with the requirements of twinning as seen 
by them. The present uncertainty concerning the nature of slip bands 
in ferrite and their unfavorable form w^ould appear to affect seriously 
an analysis of this sort. 



Fig. 2. — Etching figures within and adjacent to a Neumann band in silicon- 
ferrite. (Harneceer and Rassow.) 

A striking illustration of the condition which would under favorable 
circumstances be revealed by slip bands, namely, change of orientation 
in passing from crystal to twin band, is furnished by the etching figures 
around and within the Neumann band shown in Fig. 2 from an interesting 
study of Neumann bands in iron containing 0.6 per cent, nickel and 
1.3 per cent, phosphorus by Harnecker and Rassow."^® 

The weight of evidence seems to favor the conception that Neumann 
bands are twin lamellae but the attendant controversy has clearly 
reached a stage in which no amount of argument founded upon any set 
of circumstances less vital than the rigorous determination of the crystal 
structure within and adjacent to the bands can prevail. 


H, O'Neill; Deformation Lines in Large and Small Crystals of Ferrite. Jnl. 
Iron and Steel Inst. (1926) 113, 417. 

15 W. Rosenhain and J, McMinn: The Plastic Deformation of Iron and the 
Formation of Neumann Lines. Proc, Roy. Soc. (1925) 108, 231. 

15 K. Harnecker and E. Rassow: Aetzfiguren und Zwillingbildungen in Eisen. 
Ztschr,fur Metall (1924) 16 , 312. 
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Alwmimim 

Aluniinuiu seems exceptionally shy in disclosing evidence of twinning. 
According to C. F. Elani,^^ banded structures are rarely encountered 
and in two cases investigated by means of the X-rays the plane of junc- 
tion was not related to the crystal structure of either hypothetical twin 
component. The crystals did appear to have a dodecahedral plane in 
common; but as she expresses it “the one could only be derived from the 
other by turning it upside down and rotating through an angle of 60°. 

The absence of the common banded structure which customarily 
denotes twinning in ordinary metallographic preparations does not prove 
the absence of twinning either in worked or annealed structures. In the 
former case twinning in very thin lamellae may accompany or even 
replace slip and pass unrecognized,^® while in the latter case, instability 
at twin boundaries may cause obliteration of the banded structure on 
annealing. 


Zinc and Tin 

Zinc and tin are strangely alike in the general circumstances of their 
twinning although unlike in crystal structure. Both metals twin readily 
when deformed unless the crystals are properly oriented to deform by 
pure slip, which according to Mark, Polanyi and Schmid takes place 
primarily along planes of form {0001} and secondarily {lOTO} in the case 
of zinc/® and {110} or {100} in the case of tin.^® The twin bands, 
whose formation gives rise to the familiar crackling noise known as the 
tin or zinc cry, have been described in considerable detail by Mathewson 
and Phillips^ ^ in the case of zinc and Edwards^^ in the case of tin. Figs. 
3 and 4 show the striking similarity of these structures. 

The twinning planes in zinc are of the form {10T2} according to the 
crystallographic and X-ray measurements on large crystals reported by 
Mathewson and Phillips and the twin orientation may be duplicated 
by rotation through 180° around a twinning axis normal to the twin- 
ning plane. 

C. F. Elam: Op. cit. 

^8 Cf. in this connection Rosenhain^s reference to Benedicks’ views in a discussion 
of Edwards’ paper on Metallic Crystal Twinning. Jtd. Inst, of Metals (1915) 14, 131, 
and Miigge’s observations on translation and twinning in many crystalline substances 
[ZUchr, anorg. Chem. (1922) 121, 68]. 

H. Mark, M. Polanyi and E. Schmid: Vorg^ge bei der Dchnung von Zink- 
kristallen I, II and III. Ztschr. Physik, (1922) 12, 58. 

20 H. Mark, M. Polanyi: Die Gitterstruktur, Gleitrichtungen und Gleitebenen des 
Weissen Zinns. Ztschr, Physik. (1923) 18, 75. 

2^ C. H. Mathewson and A. J. Phillips: Plastic Deformation of Coarse-grained 
Zinc. Proc. Inst. Metals Div., A. I. M. E. (1927) 143. 

22 C. A. Edwards: Metallic Crystal Twinning by Direct Mechanical Strain. Jnl. 
Inst, of Metals. (1915) 14, 116. 
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The early evidence that tin twins along planes of form {111} and 
{331} has been discussed by Miigge-^ who determined the angles between 



Fig. 3. — Twins in zinc. 



Fig. 4. — Twins in tin. (Edwaeds.) 


twinning planes in hammered tin crystals and found good agreement 
with the theoretical requirements for twinning along planes of the latter 
form in a tetragonal crystal based on the axial ratio 0.3857. 


O. Miigge : tJber die einfachen Schiebungen am. Zinn und seine Zustandsanderung 
bei 161®. Zeniralbl. fUr Min. (1917) 233. 

▼oIj. 76 .— * 86 . 
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Lead and Nickel 

There is ample evidence of abundant twinning in the recorded photo- 
micrographs of the metals lead and nickel in the recrystallized condition. 
In the case of lead, Humphrey^^ has offered evidence of a semiquanti- 
tative character, derived from a study of etching figures, that the straight 
twin boundaries are parallel to octahedral planes. 

Fig. 5, showing many straight boundaries and well defined bands 
indicative of twinning, is of particular interest as it represents the 



Fig. 5. — Twins in sttiuface later of lead cut with a microtome. (F. F. Lucas.) 

recrystallization which occurs spontaneously in the surface layer of lead 
cut in a microtome and very superficially etched with a solution of hydro- 
gen peroxide and acetic acid. The technique used has been described 
by F. F. Lucas®® who very kindly prepared this photomicrograph. 

General Occurrence of Twinning 

If the conditions encountered with the 10 common metals thus far 
brought into this discussion are fairly representative of metals as a whole, 

24 C. W. Humphrey: Effects of Strain on the Crystal Structure of Lead. Phil. 
Trans. Roy. Soc. (1903) 200A, 225. 

2«F. F. Lucas: Application of Microtome Methods to the Preparation of Soft 
Metals for Microscopic Examination. Proc. Inst. Metals Div., A, I. M. E. (1927) 481. 
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we may express in general terms w’hat Mugge-® has written in regard to 
iron, namely that twinning (customarily) accompanies the reshaping 
of a metal (by cold working or cold working and annealing) and that 
without twinning this change of form would indeed occur in a very 
different manner. 


The Face-centered Cubic Metals 

In seeking to classify the phenomena of twinning in the entire list of 
metals, which for convenience may be grouped according to the various 
types of crystal structure represented, I am struck by the lack of 
crystallographic data in this field. Thus, I have found no complete 
description of twinning in any of the six metals, calcium, cerium, cobalt, 
palladium, rhodium and thorium, which together with aluminum, 
copper, gold, iridium, gamma iron, lead, nickel, platinum and silver, 
constitute the face-centered cubic group. 

A summary of the incomplete information now available is given in 
Table 1. 


Table 1. — Face-centered Cubic Metals 


Metal 

Twinning 

Composition 

Plano 

Twinniiif? 

Axis 

Aluminum 

Questionable 

1 


Calcium 




Cerium 

Probable 



Cobalt 

Probable 



Copper 

Clearly defined 

1 

[ 111 ] 

i 

[ 111 ] 

Gold 

Clearly defined 

1 

[111 

1 

[ 111 ] 

Iridium 

Clearly defined 

1 

[111 

i 

[1111 

Gamma iron 

Clearly defined 

1 

[111 

1 

[ 111 ] 

Lead 

Clearly defined 

1 

[111 

1 

[ 111 ] 

Nickel 

Good microscopic evidence 



Palladium 




Platinum 

Clearly defined 

{ 111 } 

[ 111 ] 

Rhodium 




Silver 

Clearly defined 

{ 111 } 

[ 111 ] 

Thorium 



I 

I 


In the case of cerium, the banded structure found by Schumacher and 
Lucas^® in samples of pure metal may be accepted as qualitative evidence 
of twinning. This is illustrated in Fig. 6. 

Ztschr. anorg. Chem. (1922) 121, 68. 

27 International Critical Tables (1926) 1, 338. 

28 E. E. Schumacher and F. F. Lucas: Photomicrographic Evidence of the Crystal 
Structure of Pure Cerium. JnL Amer. Chem. Soc. (1924) 46, 1167. 
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■Banded stedctore in pure cerium. (F. F. Lucas and E. E. Schuulvcher.) 
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Vogel-® has drawn attention to striae believed to be deformational 
twins found in the surface layers of cobalt, nickel and various alloys after 
grinding and polishing. So-called annealing twins are familiar elements 
in the microstructure of nickel and its alloys such as invar, nichrome, 
permalloy and monel metal, but I do not find that any precise crystal- 
lographic study of these twin bands has ever been undertaken. 

The Body-centered Ciibic Metals 

No precise record of twinning has been found in the case of any of 
the body-centered metals, which, together with alpha iron, are listed in 
Table 2. 

Table 2. — Body-centered Cubic Metals 


Motal 

j Twinning 

Twinning 

Plane 

Twinning 

Axi.s 

Chromium 

. . , . Not observed 



Alpha iron 

Lithium. . . . 

Clearly defined 

{112} 

[Ul] 

Molybdenum 

Potassium . . 

Sodium 

Tantalum 

Not observed 

1 


Tungsten . . 

1 Not observed 

1 

: {443}? 


Vanadium 

.... Recorded by Groth® 

1 

[443]? 


^ P. H. Groth : Chem. Kriistall. The original paper by Setterberg is inaccessible. 


It is rather generally believed that body-centered cubic metals do not 
form twin crystals. To maintain this point of view it should be necessary 
to prove that Neumanns in alpha iron are not twin lamellae and that 
the twins so fully described by McKeehan are merely pseudomorphs 
of twins originally formed in austenite at a higher temperature. The 
latter situation would imply that when gamma iron changes to alpha 
iron certain twin boundary planes of form [111} in the face-centered 
lattice become converted perhaps without any change of position into 
composition planes of form {211} between the new crystal and new 
twin in the body-centered lattice. In order to account fully for the 
boundary conditions observed in these alpha twins it would be necessary 
to assume that some other part of an original gamma twin boundary 
moves into the position of a second boundary plane of form (211 } between 
the same alpha twin and the rest of the crystal. 

G, Edmunds at the Hammond Laboratory has been unable to find 
twin lamellae in the fragments produced by hammering samples of 
chromium, molybdenum, tantalum, tungsten and vanadium. 

29 R. Vogel: tlber Zwillingsbildung in den Oberflachen Schichten von Metallen 
infolge Kaltbearbeitung. Ztschr. anorg, Chem. (1921) 117, 271. 
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Nothing is known concerning the behavior of the alkali metals in 
respect to twinning. 

The Hexagonal Metals 

The metals allied to zinc, except mercury, in the hexagonal close- 
packed group have been studied by Mathewson and Phillips, who find 
twinning on planes of form { 1012} in every case quite in conformity with 
the twinning behavior of zinc (see Table 3). No other metal in this 
group has been studied from the present point of view. 


Table 3. — Hexagonal Close-packed Metals 


Metal 

1 Twinning j 

Twinning 

Plane 

Twinning 

Axis 

j Axial Ratio 

Beryllium 

. ' Clearly defined j 

1 

{10121 

1 

[1012] 

1.58 

Cadmium 

Cerium 

. Clearly defined . 

{1012} 

[1012] 

1.89 

1 1.62 

Cobalt 

' 1 


1 

1.633 

Hafnium 




1.64 

Magnesium 

Osmium 

. Clearly defined ; 

i 

{10121 

■ [10T21 

1 624 
1.59 

Ruthenium 

' ! 

* 1 1 



1.59 

Titanium 

1 1 

• 1 


1 

1.59 

Zinc 

. ' Clearly defined ' 

{1012} 

[1012] 

1 86 

Zirconium 

i 


1 

1.59 


Other Metals of Known Crystal Structure 

The remaining metals of known crystal structure are grouped in 
Table 4, Twinning in antimony and bismuth by pressure was described 


Table 4. — Miscellaneous Metals 


Metal 

, Twinning 

Twinning i 
Plane j 

Twinning ' 

Axis 1 

1 

Form of Lattice 

Antimony 

. . . . 1 Clearly defined 

, {0lT2}“ ‘ 

[01T2] 

1 

Hex .-rhombohedral 

Bismuth 

. . . . ! Clearly defined 

{0112}'^ 

[0112] 

Hex .-rhombohedral 

Germanium . . . 
Indium 

. . . . ' IMieroscopic evidence 

6 


Diamond cubic 
Face-centered te- 

Tellurium 

Tin (gray) 

Tin (white) 

1 

. , . . ; Clearly defined 

{331} or 

[331] or 

tragonal 

Hex .-rhombohedral 
Diamond cubic 
Tetragonal of spe- 


1 

1 

{111}? 

[111]? 

cial form 


See footnote 31. 
^ See footnote 32. 


C. H. Mathewson and A. J. Phillips: Twinning in Beryllium, Magnesium, Zinc 
and Cadmium. Proc, Inst. Metals Div., A. I. M. E. (1928) 445. 
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by Mtigge more than 40 years ago.^^ Carpenter and Tamura^^ have 
photographed twin bands of the usual appearance in a deformed and 
annealed sample of indium . Germanium and tellurium remain untouched 
in this field of investigation. 

Metals of Unknown Crystal Structure 

I have found no record of twinning either qualitative or quantitative 
in any of the remaining metals: actinium, columbium, gallium, man- 
ganese, mercury, niobium, polonium, radium, scandium, thallium, 
uranium, yttrium and rare earth metals. 

Summary 

It may be said in concluding this survey that twinning in one form 
or another is an ordinary feature of the microstructure of all the familiar 
metals except aluminum. It is known to occur in some of the other 
metals but comparatively few have been investigated. Obviously the 
absence of twinning cannot be postulated in any of the negative cases. 
For example, it has not been demonstrated, although it may appear 
improbable, that twinning has no part in the fragmentation and fibering 
of tungsten by swaging, as described by Smithells.®® 

Twinning therefore is prevalent in metals and consequently a factor of 
great influence on the shape, size, and particularly the orientation of the 
crystalline particles formed when metals arc forced to change their shape 
by mechanical treatment and brought to various temper conditions by 
annealing. 

Some Observations on Twinning and Recrystallization in 
Wrought Metals of the Hexagonal and Cubic Groups 

This includes most of the metals. The experimental work is restricted 
to one metal in each group. Only in the case of zinc are the observations 
systematic from a crystallographic point of view and even in this case 
the work is incomplete in many directions. Iron is discussed quite 
briefly on the basis of Krivobok^s experiments.^'^ The observations on 
copper are for the most part fragmentary and circumstantial. Neverthe- 
less, there is a continuity of circumstance and an undercurrent of analogy 
pointing to a general group of postulates or provisional assertions, which 
may at least stir up an amount of useful discussion. 


0. Mtigge. tJber kuDstliche Zwillingsbildung durch Druck am Antimon, Wis- 
muth und Diopsid. Neue Jahrb.fur Min. (1886) 1, 183. 

32 H. C. H, Carpenter and S. Tamura: The Formation of Twinned Metallic Crys- 
tals. Proc. Roy. Soc. (1926-27) 113A, 161. 

33 C. J. Smithells: Tungsten. 1926. Chapman & Hall, London. 

3< V. N. Krivobok: A Photomicrographic Study of the Process of Recrystallization 
in Certain Cold-worked Metals. A. I. M. E. Pamphlet No. 1557-E (1926). 
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Rolled Zinc 

With adaptable single crystals at hand, it appears to be a simple 
matter to plan and execute a set of experiments in which various selected 
orientations are deformed plastically by rolling, and critically examined 
under the microscope from time to time as they change structurally 
during the process. 

In practice, difl&culties were found. which have thus far limited the 
work to the rolling of thin sections bounded top and bottom by basal 
cleavages. Chilled flat-metal single crystals about iii- thick with 
their basal planes nearly perpendicular to the surface could be broken 
quite easily along these planes by simply bending or forcing a sharp blade 
into the metal in the desired region. In this way sections down to 1 mm. 
thick were produced without twinning except in a few localized areas. 

In any small-scale laboratory study of a rolling process the advantage 
of having a specimen with two perfectly flat and parallel surfaces cannot 
be overestimated. It is, of course, impossible to retain this advantage 



Fig. 7. — Approximate change in orientation due to simple twinning in zinc. 


in specimens of other orientations, which must be cut to specifications 
from the original single crystal. The operations of cutting, grinding and 
polishing such small samples, even when conducted with extreme care, 
produce an amount of twinning which materially changes the reaction 
of the material to rolling or other designated forms of stress. 

A great many experiments were made with cleavage sections of dif- 
ferent thickness rolled various amounts either continuously or in stages. 

Only the most general conclusions will be presented here, together 
with such illustrations as seem necessary to give them force and clarity. 

If we imagine the atoms in a basal cleavage section of thickness d 
to 1^ completely rearranged by twinning along one set of planes of form 
{1012} without changing the horizontal plane of the section, the vertical 
hexagonal axis assumes a position only 4° removed from the horizontal 
and the thickness decreases 7.21 per cent. 

This is nearly equivalent to turning the unit hexagonal prism on its 
side as shown in Fig. 7 so that the thickness which was originally propor- 
tional to the height (d = 1.862) becomes nearly proportional to the 
distance between prismatic faces (d' = V^- 
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If the twinning occurs in different parts of the specimen along differ- 
ent planes of form jl012j — for example, (0112), (0112), (1102), and 
(Tl02) — the hexagonal axis will assume different directions, 60° apart, 
in planes 4° from the horizontal and the reduction in thickness may be 
somewhat less than in the simple case owing to redistribution of the 
strain which is theoretically in evidence at twin boundaries when we 
follow a simple geometrical plan of bringing the atoms up to a common 
composition plane. 

With large portions of the specimen dominated by a single set of 
twinning planes this effect would of course be negligible, but with an 
involved interlacing of minute twins it might be considerable. 

The conditions observed by K. R. Van Horn in the Hammond Labo- 
ratory experiments favor the simple interpretation. Many basal 
cleavage sections rolled to a reduction of 6 to 7 per cent, contained 



Fig. 8. — Possible twinning planes and spots photographed in a rolled basal 

CLEAVAGE SECTION OF A ZINC CRYSTAL. 

large regions wholly converted to a single preferred twin orientation. 
The prevailing conditions are represented by the following analysis of 
one specimen. The dimensions and orientation of this specimen are 
shown in Fig. 8. 

The thickness was reduced 6.98 per cent, by two passes through a 
small set of hand-operated rolls. The specimen was then dipped in 
moderately concentrated nitric acid and examined on both rolled surfaces 
under the microscope. In this work plane, polarized light was passed 
through a vertical illuminator and, after reflection from the surface 
of the specimen, through an analyzing nicol prism which was usually 
set to extinguish light vibrating in the original (nonrotated) plane of 
polarization. On rotating the stage, contrast could be developed between 
the various structure elements and twin bands could be identified either 
by measuring the angles between various twinning planes or deter- 
mining the positions of complete parallel extinction. For quantitative 
work the former method was preferred as it was less influenced by surface 
inequalities due to variable etching, wavy rolling, etc. Unaltered basal 
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surfaces which normally should be optically isotropic actually remained 
uniformly dark during complete rotation through 

Figs. 9, 10, 11 and 12 represent several portions of the top and 
bottom surfaces photographed between crossed nicols and marked for 
identification of the structure elements shown. In all of these photos 
only small remnants of the original base {0001) are visible. Almost the 
entire substance of the crystal has been transformed by twinning into another 
crystal. Bands or patches formed by twinning along all possible planes 
of form {1012}, six in number, are combined in the new crystal. The 
distribution varies in different parts of the crystal but it can be stated 
that (0112) and (0112) are strongly preferred planes of twinning in this 
specimen while (1012) and (1012) merely contributed a few bands along 
the edge due to bending stresses set up when the original cleavages 
were made.^® 

Figs. 9 and 10 show that either (0112) or (0112) are preferred planes 
at the top of the specimen and Figs. 11 and 12 that a similar condition 
exists at the bottom surface. These planes come nearest into line with 
the axis of revolution of the rolls. 

The nature of this preference is revealed by examining the sides, 
which had to be smoothed and polished carefully with fine abrasive to 
remove the roughness due to rolling and at the same time retain the 
original structure. The beveled end, which was a natural feature of the 
specimen, entered the rolls first, as shown in Fig. 8. At the spot marked 
1, about halfway down the beveled edge, less than half of the metal 
(shown white in Fig. 13) retains its original orientation and the rest 
(shown dark in Fig. 13) is twinned in general along the (0112) planes. 
A few narrow bands twinned along (0112) planes may be seen at the 
right and in the upper center a band twinned along (1102). 

At the spot marked 2, just beyond the beveled edge, represented by 
Fig. 14, very little of the original crystal remains and the metal is prin- 

The identity of these bands is fixed by tracing them across the edge into the 
upper or lower surface. It may be noted that the pair (0Tl2) and (0lT2) can easily 
be distinguished from the pair (Tl02) and (1102) on the surface and the pair (0Tl2) 
and (lT02) from the pair (0lT2) and (1102) on the edge. 


Fig. 9. — Zinc in polarized light. Crossed nicols. X 100. Top surface in 
Fig. 8. 

Fig. 10. — Zinc in polarized light. Crossed nicols. X 100. Top surface 
in Fig. 8. 

Fig. 11. — Zinc in polarized light. Crossed nicols. X 100. Bottom surface 
in Fig. 8. 

Fig. 12. — Zinc in polarized light. Crossed nicols. X 100. Bottom surface 
IN Fig. 8. 

Fig. 13. — Zinc in polarized light. Crossed nicols. X 100. Structure at 

(1) IN Fig. 8. 

Fig. 14. — Zinc in polarized light. Crossed nicols. X 100. Structure at 

(2) in Fig. 8. 

(Reduced to ^ original scale, original magnification given.) 
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cipally composed of twins along (0112) coming down from the top and 
(01T2) coming up from the bottom. 

This condition is typical of the structure at other locations with the 
added qualification that the two varieties of preferred twins occur in 
variable quantities with the first always in excess. Thus Fig. 15, repre- 



Fig. 15. — Zinc in polarized light. 

(3) IN Fig. 8. 

Fig. 16. — Zinc in polarized light. 

(4) in Fig. 8. 

Fig. 17. — Zinc in polarized light. 

(5) IN Fig. 8. 

Fig. 18. — Zinc in polarized light. 

(6) in Fig. 8. 

(Reduced to % original sea 


Crossed nicols. 

X 100. 

Structure at 

Crossed nicols. 

X 100. 

Structure at 

Crossed nicols. 

X 100. 

Structure at 

Crossed nicols. 

X 100. 

Structure at 


!, original magnification given.) 


senting the spot marked 3 near the top of the specimen, shows only 
traces of the second preferred twin; Fig. 16, a spot (4) near the bottom, 
about the same; Fig. 17, another spot (5) near the bottom, considerably 

more of the second twin and finally Fig. 18, a spot near the upper center, 
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virtually a complete transformation by twinning along (0112) planes. 
The last figure also represents the structure of the rest of the material 
visible on this section. 

The opposite side of the specimen shows a more general participation 
of the other two twinning planes (1102) and (1102). Various condi- 
tions of preferred twinning along the four predominant planes are 
observed on examination of different cleavage specimens from the 
same crystal. When the direction of rolling is exactly parallel to the 
edge, the planes (0112) and (0112) are inclined 26° and the planes (lT02) 
and (1102) 34° to the axis of revolution of the rolls. Thus an incon- 
siderable displacement of 4° in the right direction as the specimen passes 



Fig. 19. — Laue pattern from un- Fig. 20. — ^Laxje pattern from basal 

TWINNED basal CLEAVAGE. CLEAVAGE REDUCED 6 TO 7 PER CENT. IN 

THICKNESS BY COLD ROLLING. 

through the rolls should bring these two sets of planes into equiva- 
lent action. 

This condition was actually discovered by R. M. Bozorth of the Bell 
Telephone Laboratories in a Laue pattern®® of one of these specimens 
which had been reduced 6.6 per cent, in thickness by one pass through 
the rolls. Another specimen rolled almost exactly the same amount 
furnished a pattern showing one predominant twin. The pattern from 
an untwinned cleavage is shown in Fig. 19 and one of the altered patterns 
in Fig. 20. So much of the radiation was absorbed by these specimens, 
which were about mm. thick, that only the most strongly reflecting 
planes are recorded in the halftones. These are the planes of form 
{1231} in the original crystal responsible for twelve spots equidistant 
from the center and basal planes from four twins inclined 86° to the 

General radiation from a tungsten target was employed in this and similar 
experiments and the beam was directed at right angles to the cleavage surface. 
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cleavage surface represented by one bright spot and three much fainter 
spots of varying intensity near the center. 

It is observed that the spots from the original crystal are scarcely 
discernible in Fig. 20 while the dominant intensity of the spot just above 
and to the right of the spot formed by the undeviated beam indicates 
that the crystal is principally composed of material twinned along the 
preferred plane (0112). The original negative ako revealed feint spots 
which could be referred to planes of form (2130) and (2131) in the 
twin. The elongated and generally ragged appearance of all diffrac- 
tion spots from rolled samples is attributed to distortion associated 



Fig. 21. Pig. 22. 

Fig. 21. — Zinc in polaeized light. Ckossed nicols. X 100. Basal cleav- 
age SECTION REDnCBD 18 TO 19 PER CENT. IN THICKNESS BY COLD ROLLING. REACTION 
BETWEEN TWIN BANDS (0112) AND (1102) THE LATTER ROTATED TO A POSITION OF 
EXTINCTION. Narrow internal twin bands of second generation visible. 

Fig. 22. — Zinc in polarized light. Crossed nicols. X 100. Basal cleav- 
age SECTION REDUCED 18 TO 19 PER CENT. IN THICKNESS BY COLD ROLLING. REACTION 
BETWEEN TWIN BANDS (0112) AND (1102) THE FORMER ROTATED TO A POSITION OF 
EXTINCTION. N.ABROW TWIN BANDS OF SECOND GENERATION VISIBLE. 

(Reduced to %, original scale, original magnification given.) 

with the twinning and the accompanying basal slip revealed by slip 
bands in some of the twinned portions along an edge which had been 
carefully polished and lightly etched before rolling. 

When these cleavage sections are rolled beyond the amount required 
for complete twinning, further extension must take place by some 
slipping process. Planes of the two forms representing the closest atomic 
packing, viz., {0001} nearly vertical and {lOTO} nearly horizontal, 
seem to be unfavorably located for slip, but the polished and etched 
side of the specimen described in Fig. 8 showed numerous feint striae 
parallel to both of these planes when it was rolled to a further slight 
reduction. In addition some of the twin bands along the principal 
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preferred plane (0112) contained striae inclined about 67° to the edge, 
not greatly different from the value 64° which w'ould represent the 
traces of twinning planes yielding certain twins of a second generation 
actually observed in the primary bands {d in Fig. 25). In some places 
curved striae were observed. It is concluded that there is a compli- 
cation of slip and twinning along several sets of planes accompanied by a 
certain amount of distortion. 



Fig. 23. — Sterboqeaphic projection op basal planes in a zinc crystal and 

ALL POSSIBLE TWINS THROUGH TWO GENERATIONS, SHOWING TRACES OP THESE PLANES 
IN THE PLANE OP THE PROJECTION. 

O = pole of basal plane in the original crystal. 

■ = poles of basal planes in twins of the first generation. 

□ = poles of basal planes in twins of the second generation. 

The surface structure of a specimen reduced 18.9 per cent, in thickness 
in three passes through the rolls furnishes considerable evidence concern- 
ing the nature of recrystallization. The customary angular intergrowths 
of twin bands sometimes including lamellae of the original crystal 
develop by interchange of material across the boundaries into more or 
less rounded dendritic forms, with the frequent occurrence of detached 
lobes or branches. This effect, which is illustrated in Figs. 21 and 22, 
taken between crossed nicols, represents recrystallization in the limited 
sense that there has been a granulation and redistribution but not a 
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pronounced reorientation of the material. It is commonly regarded as 
spontaneous recrystallization during working in conformity with the well- 
known fact that cold-rolling of zinc substantially at room temperatui-e 
produces the type of alteration which is usually associated with the hot- 
working of metals. In taking Fig. 21, the stage was rotated to bring the 
central dendritic patch with its appendages into a position of complete 
extinction. A simple analysis with the aid of a stereographic projection 
of the basal planes in the crystal and all possible twins through two 
generations, shown in Fig. 23, identifies this patch as an original (pre- 
ferred) twin along (1102) planes; viz., a line perpendicular to aline 
joining the pole of a basal plane, as reorientated by twinning, with the 



Fig. 24. — Zinc in polarized light. Crossed nicols. X 100. Basal cleav- 
age SECTION reduced ]8 TO 19 PER CENT. IN THICKNESS BY COLD ROLLING. TwiN 
BANDS or THE SECOND GENERATION INTERSECTTNG AT 88° IN AN ORIGINAL TWIN ALONG 
(0112) PLANES VIEWED IN THE CLEAVAGE SURFACE. 

(Reduced to % original scale, original magnification given.) 

center of the projection gives one of the four positions of extinction 
when this twin is rotated in the plane of the original basal cleavage. 
Fig. 22 represents the same location on the specimen rotated to produce 
extinction of_the conspicuous intergrowth. This proves to be a twin 
parallel to (0112) planes. 

Complex twinning was expected in the hard-rolled specimens and in 
the present case is particularly well represented by two varieties of twins 
belonging to a second generation derived from original twin bands along 
(0112) planes. These intersect approximately at right angles as shown 
in Fig. 24 and the poles of their corresponding twinning planes are located 
at a and h in Fig. 25, which is a projection in the original cleavage plane 
of the poles of all possible twinning planes through two generations. 
The lines a' and h' represent the traces of these planes in the original base 
and the angle between them is 88°. The poles representing other twins 
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Fig. 25. — Stereographic projection of twinning planes in a zinc crystaf. 

AND ALL POSSIBLE TWINS THROUGH TWO GENERATIONS, SHOWING TRACES OP THESE 
PLANES IN THE ORIGINAL BASAL PLANE, WHICH IS THE PLANE OF THE PROJECTION. 

O = pole of basal plane in the original crystal. 

■ = poles of twinning planes yielding twins of the first generation. 

□ = poles of twinning planes jdelding twins of the second generation. 
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belonging to a second generation observed in this specimen are marked 
c, d, e, f and g in Fig. 25. 

The Lane pattern obtained from this specimen is given in Fig. 26. 
An outer grouping of faint spots (not visible in the reproduction) cor- 
responding to the prominent spots in Fig. 19 proves that some of the 



Fig. 27. — Zikc in polarized light. Basal cleavage section reduced 50 per 

CENT. IN THICKNESS BY COLD ROLLING. ReCRYSTALLIZATION WITH DIYERSITY OP 
ORIENTATION. 



Fig. 28. — ^Laue pattern op basal cleavage section reduced 50 per cent, in 

THICKNESS BY COLD ROLLING. 

original crystal still remains. This may indicate that a concentration 
of impurities in certain parts of the crystal has prevented the atomic 
movements required for twinning. An interesting discussion of effects 
of this character as related to pure slip has been contributed this year by 
M. J. Buerger.^ ^ The extreme fain tness of spots at the extremities of a 

” M. J. Buerger: The Cause of Translation Striae and Trandation Strain-hardening 
in Crystals. Proc. Inst. Metals Div., A. I. M. E. (1928) 375. 
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vertical diameter through the central group indicates that practically 
no twins had developed along (1012) and (T012) planes in the cubic 
millimeter of material traversed by the X-ray beam. The prominence 
of the other four spots signifies that the specimen is for the most part 



Fig. 29. — Zinc in polarized light. Basal cle.avage section reduced 50 per 
CENT. BY COLD ROLLING AND ANNEALED 10 MIN. AT 250° C. ReCRYSTALLIZATION AND 
GR.\IN GROWTH. 




Fig. 30. — LAtjE pattebn of basal cleavage. Section' beducbd 50 per cent. In 
THICKNESS BY COLD BOLLING AND ANNEALED 10 MIN. AT 250° 0. 

composed of twins formed along the four planes, (0112), (0112), (lT02), 
and (1102). 

Part of the etched surface of a specimen reduced 50 per cent, in thick- 
ness by cold rolling is shown in Fig. 27. It is probable that the prevailing 
fine granulation is a result of reaction between descendent twin lamellae 
just as the coarse granulation in an earher stage came from the original 
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twins. This might result in a sufficient diversity of orientation to 
account for the Laue pattern which is reproduced in Fig. 28. The original 
crystal seems to have disappeared but the positions of the six original 
twins are marked by selective groupings of the diffraction spots in the 
central ring. These details are unsatisfactory in the reproduction. 

A piece of this specimen was annealed for ten minutes at 250° C. 
The microstructure given in Fig. 29 and the Laue pattern in Fig. 30 reveal 
grain growth but at present it is not possible to decide whether any new 
orientations have been produced, apart from those which would approxi- 
mate the requirements of complex twinning. It may be stated that a 
full complement of twins through only three generations would permit no 
angle greater than 5° to separate adjacent traces of planes of form {0001 } 
in the original cleavage surface. 

Hammered Iron and Rolled Beta Brass 

Krivobok’s experiments^^ demonstrate that the recrystallization 
effected by annealing pure electrolytic iron or iron containing about 1.75 



Fig. 31.—An early stage of Fig. 32.— A later stage oe 

RE CRYSTALLIZATION IN §ILICON-FER- RECRYSTALLIZATION IN SILICON-FER- 
RITE PRODUCED BY ANNEALING AFTER RITE. (KrIVOBOK.) 

COLD-HAMMERING. (KrIVOBOK.) 

per cent, of silicon, previously reduced 25 per cent, in thickness by cold 
hammering, can be definitely traced to numerous Neumann bands which 
he regarded as the principal seat of strain in the cold-worked material, 
without attempting to define their constitution. An assumption that 
they are mechanical twins with distortion at the boundaries would favor 


V. N. Krivobok : Op. cit. 
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the deductions drawn fi*om these experiments. Two of the many 
excellent photog;raphs included in the paper are reproduced for the pur- 
pose of illustrating some of the significant transformations observed. 

In Fig. 31 a band near the left-hand margin has developed into a 
dendritic growth by invading the original crystal on both sides and 
feeding along several intersecting bands. The similarity between this 
process and the reaction between twin bands in zinc is quite evident. 
In the present case the original bands are narrow intrusions in a pre- 
dominant volume of the original crystal and nothing is known concerning 
the orientations of the various components either before or after the 
transformation. That the entire substance of the crystal may be 
irregularly partitioned by growth emanating from these narrow bands is 
evident on inspection of Fig. 32 in which the directional influence of the 
bands can be seen in spite of their partial disintegration and subsequent 
growth in various directions. 

There has been a general failure to recognize any participation of 
twinning in the general process of deformation and recrystallization as 
observed in iron of the usual fine-grained structure. Chappell,^® who 
carefully studied recrystallization in iron wire containing 0.07 per cent, 
carbon, in describing the first stage writes as follows: These granular 
markings (representing the first change on annealing), indicating disin- 
tegration and incipient reciystallization of the deformed ferrite crystals, 
very often take the form of roughly parallel and curved bands crossing 
the crystals obliquely to the longitudinal axis.” 

How much of this failure may be attributed to the extremely minute 
size of the strain markings and the first elements of recrystallization, 
making it difficult to recognize any eventual participation of twins in the 
process and how much to the alleged circumstance that Neumann bands 
are produced only by special forms of deformation cannot be predicted. 
It is perhaps significant that these special conditions, namely, shock in 
coarse-grained metal, would particularly favor the production of twin 
bands large enough to be recognized without difficulty. So keen an 
observer as L. W. McKeehan^*^ has suggested, as an alternative to the 
columnar slipping proposed by Taylor and Elam^^ to account for curved 
slip bands in iron, twinning on a very fine scale with zigzag boundaries 
which would be possible on account of the peculiar relation of twins 
along planes of form {211 } in a body-centered cubic structure. 

Good photomicrographs illustrating mechanical twinning in rolled 
beta brass may be found in Miss Clarkes paper on heat treatment of 60- 

^ C. Chappell: The Recrystallization of Deformed Iron. Jnl, Iron and Steel Inst. 
(1914) 89, 460. 

W. McKeehan: Op. cit 

G. I. Taylor and C. F. Elam: The Distortion of Iron Crystals. Proc. Roy. Soc. 
(1926) 112A, 337. 



Fig. 33. — Deformational striae in tin bronze. X 1000. 

Fig. 34. — Deformational striae in a single crystal of alpha brass. X 10 
Fig. 35. — Deformational striae in alpha brass. X 75, 

Fig. 36. — A vert early stage of recbystallization in alpha brass. X 50 
(Reduced to H original scale^ original magnification given.) 
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40 brass.^- In a discussion of that paper^^ I pointed out the intimate 
connection between twinning and recrystallization observed in a pure 
beta brass with about 53 per cent, of copper. There are many points 
of similarity in the recrystallization of alpha iron and beta brass and it is 
noteworthy that both possess the body-centered cubic type of structure.^^ 

Copper and Its Alpha Solutions 

Bands of detectable width at once suggesting twin lamellae are not 
infrequently observed in microsections of strained copper, brasses and 
bronzes. As in the other examples of mechanical twinning, deformation 
by impact is especially productive of these markings, which belong to the 
group designated Non-effaceable Deformation Figures by Osmond and 
Cartaud,^® and correspond to the ones found by these authors in face- 
centered cubic iron parallel to planes of form {111}. 

A. J. Phillips, working in the Hammond Laboratory, has recently 
attempted to trace the relationship between these markings and the 
structure elements which develop on annealing. Deformation figures 
of striking appearance were found in the altered surface layers of metal 
shaped by rough grinding with an emery wheel. A sample of copper 
containing 12.5 per cent, of tin, previously homogenized, developed the 
regular pattern shown in Fig. 33. Part of a single crystal in cast brass 
containing 70 per cent, of copper revealed a quite variable distribution 
of three intersecting sets of bands according to the pattern shown in Fig. 
34. Various combinations of bands occur with variable spacing in 
different parts of the large crystal shown in Fig. 35. Curvature of the 
bands indicating distortion is also prominent in certain parts of 
the specimen. 

The best proof that these bands are twin bands is that, on annealing, 
groups of narrow parallel bands merge to form twin bands of ordinary 
appearance. A very early stage in this process is shown in Fig. 36, a 
later stage in Fig. 37 and a more perfected stage in Fig. 38. 

Theoretically there should be no strain at a simple twin boundary 
in the face-centered cubic lattice but this is neither true of the extremities 
nor of the intersections with other bands. Consequently parallel bands 
may grow into one another from the ends, as is often observed even in the 
case of the more gradual changes in somewhat stabilized structures at 
elevated temperatures. This effect is illustrated particularly well by 
the central group of bands shown in Fig. 39. The selective infiltration 

F. H. Clark: A Study of the Heat Treatment, Microstructure and Hardness of 
60-40 Brass. Proc. Inst. Metals Div., A. I. M. E. (1927) 276. 

Op. cit.j 299. 

A recent investigation of the structure of beta brass by Arthur Phillips and L. W. 
Thelin was reported in the Journal of the Franklin Institute, September, 1927. 

F. Osmond and G. Cartaud: Op. di. 



Fig. 37. — ^An early stage of re crystallization in alpha brass. X 500. 

Fig. 38.— An advanced stage of recrystallization in alpha brass. X 100. 
Fig. 39. — Coalescence op twin bands by end growth. X 100. 

Fig. 40. — Re crystallization along paths provided by intersecting twin 
bands. X 500. 

(Reduced to H original scale, original magnification given.) 
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of a growing band along paths provided by an intersecting set of bands is 
shown in Fig. 40. Portions of the original crystal and other twin bands 
are left in the interior of the growing band. This irregular growth, of 
course, accounts for patches of irregular shape, the so-called recrystalli^ed 
grains, which according to this view possess the orientations of the original 
crystal or its four possible twins. 



BRASS. X 100. 

(Reduced to original scale, original magnification given.) 

General distortion might bring about some deviation from this simple 
condition in that the parts of a distorted twin band might grow into 
separate grains of slightly different orientation. That this need not 
always occur is shown by Fig. 41, in which curved bands have grown 
together on annealing with a probable readjustment of the atoms to 
form an unstrained lattice. A good illustration of this effect in a more 
fully annealed sample may be seen in Fig. 42. 

When a crystal which has already been worked^® and annealed once is 
again treated in the same manner, each visible twin band or grain emanat- 
ing from a twin band is potentially capable of developing a new set of 


It is assumed that all forms of cold working yield twins in most face-centered 
cubic metals. Even though this is not at once apparent in the microstructure after 
cold working it is inferred from the numerous twins which are observed after annealing. 
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bands or grains. The twelve new orientations possible in such a second 
generation of twins are shown by the open squares in the stereographic 
projection reproduced in Fig. 43. All orientations are referred to an 
original plane of form {100}, the plane of the projection, and the assump- 
tion is made that there is no deviation from the reorientation produced 
exclusively by twinning. If this does not hold each point on the projec- 
tion might be replaced by a number of points in this general vicinity. 
A third sequence of working and annealing would be expected to produce 
a third generation of twins, making a grand total of 53 from a single 
individual. This process might continue indefinitely. 



Fig. 43. — Stereographic projection showing new orientations produced 

IN A pace-centered CUBIC CRYSTAL BY TWINNING ALONG ALL POSSIBLE PLANES OP 
FORM {111} THROUGH THREE GENERATIONS. 

O — pole of (001) in the original crystal. 

■ = poles of corresponding planes in twins of the first generation. 

□ = the poles in twins of the second generation. 

# = the poles in twins of the third generation. 


It is quite clear that these views give us a new point of departure for 
considering the effect of various mill schedules on the quality of the 
product. Thus, a cast material rolled to a certain gage and finished 
with one anneal would be less uniform and more directional in its proper- 
ties than the same material annealed several times during the process, 
although both might look very similar under the microscope. Or, a 
metal such as aluminum, which apparently fails to develop twin crystals, 
would be less uniform than a metal such as alpha brass, which twins 
freely, after comparable treatment. 
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Distortion at Twin Boundaries 

A complete crystallographic description of any particular form of 
twinning is possible when the orientations of the crystal and its twin are 
known. Simple and clarifying assumptions may be made regarding 
the condition of the lattice in the zone of contact between crystal and 
twin but the impossibility of directly observing the change in position 
of the atoms during the operation of twinning and the lack of a method 
capable of revealing the crystal structure in any localized (bound- 
ary) region have left us dependent upon indirect methods of testing 
these assumptions. 

Preston^^ finds that planes of form {111} in the face-centered cubic 
metals and {211} in body-centered cubic metals permit twinning with 
the least amount of distortion and the most perfect continuity of struc- 
ture under the fundamental assumption that the components of the 
twin have in common at least one plane of atoms. Distortion in 
the sense that atom centers across the twinning plane come closer than 
the closest distance of approach of atoms in the primitive material would 
be entirely absent in this ideal form of face-centered cubic twinning, but 
would be present to a slight degree even in this most favorable form of 
body-centered cubic twinning, 

A possible form of distortion in the twinning of zinc along planes of 
form {1012} was shown by Mathewson and Phillips^® and Fig. 44 repre- 
sents the development of a similar plan involving an intersection between 
two conjugate bands. One of the planes of form {1012} is maintained 
in each twin and the twinning is supposed to occur by progressive slip 
together with a slight secondary adjustment, along the neighboring 
planes of this form. There does not appear to be any plane that would 
permit twinning without distortion in hexagonal close-packed metals 
even when the axial ratio corresponds to close packing of spheres. 

If both parts of the crystal move as a whole each time a layer is added 
to a simple twin band, the distortion may be confined very closely to 
the boundaries as shown in the original figure, but if a twin lamella 
merely bridges a gap between two parts of the same crystaB^ there must 
be a zone of distortion in which the horizontal rows of atoms at the right 
of the band rise to their natural level in the unaltered crystal. This 
condition is represented in Fig. 45. The very common tendency of 
twins in zinc, cadmium, and tin to taper probably represents a natural 
tendency to avoid abrupt transitions of structure and hence strongly 
localized distortions in any part of the material. An estimate of the 

G. D, Preston: The Formation of Twin Metallic Crystals. Nature (1927) 119, 

600. 

^ C. H. Mathewson and A. J. Phillips: Plastic Deformation of Coarse-grained 
Zinc. Proc, Inst, of Metals Div. A.I.M.E. (1927) 186. 

" Twins produced by local indentation, for example. 
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results which may be secured in this manner may be made by comparing 
Fig. 45 with Fig. 46. 

The examples already introduced leave little room for doubt that 
simple twinning within a crystal may generate twin boundaries either 



Fig. 45. — Possible zones op Fig. 46. — Graduated distortion 

SEVERE DISTORTION AT THE BOUN- AT THE BOUNDARIES OP A TAPERED 

DARIES OF AN INTERNAL TWIN BAND. INTERNAL TWIN BAND. 


free from strain or accompanied by strain varying greatly in amount 
and distribution according to the forms of crystal lattice and twinning 
plane and the configuration of the twinned area. 



Fig. 47. — Worked and annealed zinc. Fig. 48. — Worked and annealed tin. 


Small twins with unstrained boundaries often grow into large ones, 
as is so commonly observed in the annealing of copper and its alpha 
solutions. I can find no evidence that such a process occurs in the case 
of twins with strained boundaries, although certain large twins of this 
character may retain their original shape on annealing, as observed by 
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Mathewson and Phillips in zinc®® and McKeehan in iron.®i Coinuionly, 
small twins with strained boundaries fail to retain the banded structure 
and ultimately produce grains with irregularly shaped boundaries, as 
in Fig. 32 from Krivobok’s work on iron,®^ Fig. 47 representing worked 
and annealed zinc, and Fig. 48 representing worked and annealed tin. 
These facts give support to the fundamental assumption of a plane 



Fig. 49. — Projection of part op a pace-centered cubic crystal twinned 

ALONG TWO PLANES OP FORM {111} WHICH MEET AT AN ANGLE OP 70® 32'. PlANE 
of the projection perpendicular to the line of intersection OF THESE PLANES. 

common to both components of a twin and the accompanying interpreta- 
tion of strain. 

A close connection between twinning and recrystallization in copper 
and alpha brass was observed in the experiments of A. J. Phillips. It 
was shown that the narrow indehble markings (etch bands) resembling 
Neumann bands in ferrite coalesce directly into twin bands of ordinary 

C. H. Mathewson and A. J. Phillips: Plastic Deformation of Coarse-grained 
Zinc. Proc, Inst. Metals Div. A.I.M.E. (1927) 183. 

51 L. W. McKeehan: Op. dt. 

52 V. N. Krivobok; Op. cit. 
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appearance. The frequent occurrence of new orientations (recrystalliza- 
tion) was undoubtedly due to a lack of perfect homogeneity within the 
bands as a whole. While no evidence could be adduced to prove the 
absence of distortions due to causes other than twinning, the obvious 
disturbance caused by the interpenetration of two sets of bands led to 



Fig. 50. — Projection of part of a face-centered cubic crystal twinned 
ALONG TWO PLANES OF FORM {111} WHICH MEET AT AN ANGLE OF 109® 28'. PLANE 
OF THE PROJECTION PERPENDICULAR TO THE LINE OF INTERSECTION OF THESE PLANES. 

the belief that such intersections were at least a principal source of the 
distortion which is responsible for recrystallization. 

I am indebted- to my colleague, L. W. McKeehan, for the following 
analysis of the twin relationships in a face-centered cubic crystal. 

Fig. 49 is a projection of a portion of the crystal twinned along two 
planes of form {111} which make an angle of 70° 32'. The plane of the 
projection is perpendicular to the line of intersection of the two com- 
position planes, shown at oa and Since oa and ob are planes of form 



592 


TWINNING IN METALS 


{111} their intersection is a line of form [110]. The plane of projection 
is therefore of the form {110}. The two different twins aoc and boc, 
which were derived from the crystal aob, are mirror images of each other 
in the plane oc, of form {441} and the closest distance of approach of 
atom centers, 3i, is only 0.33 of the least distance before twinning. Fig. 
50 is a similar projection in which the pairs of twinning planes make an 
angle of lOO® 28'. In this case the new composition plane, oc, between 
the twins becomes of the form {411} and the closest distance of approach 
of atom centers is d^, or 0.47 of the normal distance before twinning. 
Both cases, therefore, require a great amount of distortion, as was sus- 
pected from the experimental evidence. 



Fig. 61. — ^Two generations of twins in a single brass crystal. 


From these considerations it is evident that the absence of distortion 
in the vicinity of the composition plane between a crystal and its twin 
does not imply a similar absence of distortion at the surfaces of contact 
between various twins formed primarily within the original crystal or 
secondarily within these twins of the first generation. 

The stereographic projection given in Fig. 43 exhibits the entire 
group of 53 orientations which may be formed by multiple internal 
twinning along planes of form {111} through three generations in a 
face-centered cubic crystal. 

Probably many of the possible combinations embraced in this pro- 
jection with great diversity in the amount of distortion at the bound- 
aries are encountered during the succession of cold working and annealing 
operations to which metals are frequently subjected. That twins of at 
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least two generations may be found together with a residue of the original 
crystal in a fully annealed product is proved by the examination made 
by A. J. Phillips-’^ of the crystal shown in Fig. 51. Here, orig. or o is 
the original crystal, Twa and Twb are twins of the first generation and 
Twe is a twin of the second generation in Twa. 

It is believed that many and perhaps most of the new orientations 
formed during the recrystallization of these face-centered cubic metals 
are due to complex twinning resulting in strained boundaries which 
permit growth and readjustment in various forms. 

Comparative Functions op Twinning and Slip in the General 
Process of Plastic Deformation 

Simple twinning, unaccompanied by slip, does not provide for any 
considerable change in the dimensions of a crystal and cannot account for 
the great amount of plasticity which is observed in the ordinary opera- 
tions of rolling, drawing, etc. The possibilities of twinning and slip in 
this respect are compared in Figs. 52 and 53. These sketches represent 
sections perpendicular to a twinning plane, i, and a slip plane, s, respect- 
ively. The initial thickness is represented by the vertical distance, d. 


Fio. 



52 . — Change in thickness bt twinning. Twinning plane pbkpendicolar 

TO PLANE OP SECTION. 


Twinning across the entire section, as shown in Fig. 52, causes an 
equal angular displacement of the upper and lower surfaces of the crystal 
from the horizontal plane and changes the thickness to d' . There is, of 
course, a corresponding change in orientation. If 0 represents the angle 
between the twinning plane and the vertical plane and, similarly, ©', the 
angle between the twinning plane and the plane perpendicular to the 
crystal surfaces after twinning, the expression, 

- — Q 

d' ~ cos 0' 

gives the ratio of thickness before and after twinning. 

The angles 0 and 0' can be changed only by changing the initial 
orientation. 

In the case of simple slip, as shown in Fig. 53o, the surfaces of the 
crystal move out of the horizontal plane but acquire a stepped configura- 


VOL. 76 .- 38 . 


A. J. Phillips: Op. dt 
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tion which approaches a plane surface as the number of slip planes con- 
tributing to the total displacement becomes infinite. In reality this 
number is hmited by the finite distance between consecutive planes of the 
form under consideration. The ratio of thickness before and after the 
deformation, as in the case of twinning, is given by the expression 

d __cos 0 
d'~ COS 0' 

However, the angle 0', in this case can be increased, as shown in 
Fig. 536, by increasing the amount of slip. In this way, the thickness 
may be continually reduced as long as the slipping process. can be made 
to operate. 

Simple slip along one set of planes changes the plane of the surface 
without changing the orientation. Doubtless many movements of this 




3 


Fro. 53. — Change in thickness bt slip. Slip plane pbbpbndichlae to plane 

OF SECTION. 

sort take place during plastic deformation of an aggregate of crystals of 
random orientation. Unless a principal component of stress remains 
parallel to the moving surface as simple slip proceeds, which would 
appear to require some special supporting or adjusting mechanism, the 
crystal must yield in another dii’ection. This may bring into play 
another set of slip planes or a set of twinning planes if either are available, 
while in the absence of such favorable conditions progressive cui-vature 
of the slip planes, or certain localized lattice distortions, must occur as 
the movable surface is forced continually into line with the direction 
of stress. 

It was pointed out by Jeffries and Archer®^ that the wedge-shaped 
fractures observed by Sykes in 1921®® in molybdenum wires were probably 


*■* Zay Jeffries and R. S. Archer: Effect of Temperature, Pressure and Structure on 
Mechanical Properties of Metal. Chem. <fe Met. Eng. (1922) 27, 747. 

W. P. Sykes: Effect of Temperature, Deformation, Grain Size and Rate of Load- 
ing on Mechanical Properties of Metals. Trans. (1920) 64, 780. 





C. H. MATHEWSON 


595 


produced by cooperative movements of the first kind, namely, slip along 
conjugate planes inclined 45° to the axis of the wire. 

Later Goucher®® in a series of three papers very carefully analyzed 
these wedge-shaped fractures through single crystals of tungsten and 
ascribed them to slip along conjugate planes of form {211} in' the direc- 
tion [111]. Even in the case of the most symmetrical wedges, which 
would appear to favor slip in its simplest form, rather large amounts of 
distortion were observed, which in the words of the author affected the 
inclination of the crystal planes in the direction of slip, but produced no 
marked change in the atomic spacings.^^ This indicates that severe 
distortion which might be visualized as curvature of the slip planes in the 
above sense actually results in fragmentation, or disintegration of the 
crystal into small lattice units arranged on curved surfaces. 

Taylor and Elam''^^ working with aluminum, and later Elam®^ with 
other face-centered cubic metals and alloys, have described slip along 
single and conjugate planes of form {111} in single crystals of these 
materials with characteristic changes in orientation as the slip planes tend 
to reach a position of equilibrium in conformity with the loading condi- 
tions adopted. No particular theory of lattice distortion was favored 
by these authors. 

On the other hand, Polanyi, in a number of communications,^® 
vigorously asserts that cold working in general produces lattice distortion 
by a combined process of slip and bending (Biegegleitung) which was first 
observed in zinc by Mark, Polanyi and Schmid,®® If only one set of slip 
planes can operate in the case of zinc, tensile stress in the direction of the 
arrow in Fig. 53 must either distort the lattice (by Biegegleitung) or 
bring some form of compensatory movement into play. Mathewson and 
Phillips®^ suggested that twinning across the sh'p planes might satisfy 


F. S. Goucher: On the Strength of Tungsten Single Crystals and Its Yariation 
with Temperature. FKil. Mag, (1924) 48, 229. 

Studies on the Deformation of Tungsten Single Crystals Under Tensile Stress. 
Phil. Mag. (1924) 48, 800. 

Further Studies on the Deformation of Tizngsten Single Crystals. Phil. Mag. 
(1926) 2, 289. 

G. I. Taylor and C. F. Elam : The Distortion of an Aluminum Crystal during a 
Tensile Test. Proc. Roy. Soc. (1922-3) 102A, 643; also The Plastic Extension and 
Fracture of Aluminum Crystals, Proc. Rpy. Soc. (1925) 108A, 28. 

«« C. F. Elam: Tensile Tests of an Aluminum Zinc Alloy. Proc. Roy. Soc. (1925) 
109A, 143; also Tensile Tests of Large Gold, Silver and Copper Crystals. Proc. Roy. 
Soc. (1926) 112A, 289 and Tensile Tests on Alloy Crystals. Proc. Roy. Soc. (1927) 
116A, 133 and (1927) 116A, 694. 

5® For instance: Kristalldefonnation imd Verfestigung. Ztsch. Metall. (1925) 17, 
94. 

“ H. Mark, M. Polanyi and E. Schmid: Op. cit. 

C. H. Mathewson and A. J. Phillips: Plastic Deformation of Coarse-grained 
Zinc. Proc. Inst.‘ Metals Div., A. I. M. E. (1927) 144, 
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this condition. This has recently been denied by Wilson and Hoyt,®^ 
although possibly on insufficient grounds.®® 

Whatever the relative functions or interrelationship of slip and 
twinning in zinc crystals under simple forms of static loading, there is no 
doubt that these two processes cooperate and are mutually indispensable 
in facilitating the plastic deformation of zinc by ordinary methods of 
cold working. 

The first stage of rolling on a basal surface already described in some 
detail is especially significant in this respect. The reduction in thickness 
in this experiment (6.98 per cent.) corresponds almost exactly to the amount 
required by complete twinning along planes of form { 10T2 } and very large 
portions of the specimen are found entirely converted to the twin orienta- 
tion. This corresponds to the condition shown in Fig. 52 requiring the 
twinned part of the crystal to develop surface planes inclined to the 
original surface and at once suggests that a forward portion of the speci- 
men tilts downward as it twins between the roUs and thereupon emerges 



Fig. 54. — Pybamidal twinning in a zinc cbtstal followed by basal sup in 
TWIN LAMELL.tE. Twinning and slip planes perpendicvlae to plane op section. 

at the proper angle to the material just entering the roUs. Other parts 
of the surface, however, have undoubtedly left the rolls in a horizontal 
plane in spite of twinning, a condition which seems to require slip accord- 
ing to some plan similar to the one shown®® in Fig. 54. The thickness 
measured in the vertical plane after twinning along (0112) planes and 
basal slip in the twinned material would be given by the expression, 

d" = d (0' — 0)in which 0 = 42“, 56', 0' = 47°, 4' and d, the 

initial thickness, is taken as unity. This represents a reduction in the 
thickness of 7.21 per cent., which is a little more than the amount 
attained in the experiment. 

The possibility of prismatic slip through residual lamellae of the 
original crystal is illustrated at p in the figure. This would introduce 
transverse strain, which might account for some of the twinning across 
such bands. Actual observations in rolhng show that twinning does not 

“T. A. M'ileon and S. L. Hoyt; X-ray Analysis of Plastic Deformation of Zinc. 
Proc. Inst. Metals Div., A. I. M. E. (1928) 241. 

Cf. discussion of Wilson and Hoyt’s paper by L. W. MoKeehan. 

In order to simplify the discussion it is assumed that the twinning planes are 
perpendicular to the exposed vertical section representing the direction of rolling in 
these experiments. 
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follow a single set of planes all the way through the specimen, as in Fig. 
54, but is distributed among two sets of conjugate planes, closely parallel 
to the principal shear components of stress, one of them brought into 
play by the action of the upper roll and the other by the lower roll. 
This condition is illustrated in Fig. 55. When the end of the specimen 
gets the fuU pinch of the rolls it is twinned from top to bottom as repre- 
sented in the shaded area of Fig. 55a. On further progress through the 
ro^ twinning might spread out along the conjugate planes (0112) and 
(0112) without causing one triangular zone to invade the other, by 
pushing the end blocks along the (shaded) slip planes of form {0001} to 
generate new horizontal surfaces as shown in Fig. 556. 

The sjTnmetrical effect shown in these two sketches has not been 
observed. Irregularities, such as eccentric loading or variation in 
composition, soundness or crystalline perfection of the metal commonly 
alter the distribution of stress and give rise to variously complicated 
structures of the type shown in Fig. 55c. 

In case the thickness of the ciystal is not reduced the full 6.98 per 
cent.,®® which corresponds to complete twinning from top to bottom, 
alternate lamellae of the original crystal and its twin will be found as in 
Fig. 56d. The conditions- shown in Figs. 55c and 55d may be combined 
to yield the highly complicated condition shown in Fig. 55e. This is 
quite representative of the structures actually observed. 

As the crystal rolls out, twinning continues to feature the micro- 
structure of the product and there is clear evidence of slip on the polished 
sides of a specimen. It seems probable that both twinning and slip are 
vitally concerned in the process, the former offering a rational plan for a 
shifting of the orientation within the mass to meet the stress conditions 
encountered from time to time and the latter providing for most of the 
plastic thinning of the crystal. 

It is possible to imagine a unique combination of twinning and slip 
which would permit a succession of transformations from original crystal 
to twin and back to original crystal, with a reduction in thickness at 
each stage of the process. The central section of Fig. 56 shows the 
positions of the atoms in a twinned layer of a zinc crystal -with twinning 
plane perpendicular to the plane of the section. The change from 
original position to twin position of all atoms in the first four rows parallel 
to the row held in common by the crystal and its twin is indicated by 
arrows. For comparison a similar set of five rows free from these con- 
struction details is shown by dotted lines a short distance to the right. 
The five rows constitute a block bounded by two geometrically similar 
planes and the action in this block may be considered representative of 
the process as a whole. It is believed that incipient or fractional slip 
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in these rows brings the atoms near enough to the positions they would 
occupy in the twin to determine an automatic and instantaneous com- 
pletion of the twinning process. 



The general effect of this change is to deform the block by lowering 
its forward boundary (the fifth row of atoms) an amount corresponding 
to the fractional slip shown just below the first figure 6 in the sketch 
and adjusting the positions of the atoms in the interior. 



CON^TOBBD RETUBN TO THE OBIQINAI, 
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If now, we deform a similar block in the twin by lowering its forward 
w'all far enough to complete a fractional slip of the above character and 
suitably readjust the atoms in the interior, the orientation of the original 
crystal will result with a very considerable reduction in thickness as 
shown in the right-hand section of the sketch. 

The first part of the process just described seems probable as it 
moves the atoms much less than W'ould correspond to a full slip in any 
case and is quite in harmony with the recorded observations on twinning. 
On the other hand, there is no evidence that the last part of the process 
ever occurs. It is perhaps improbable on account of the very con- 
siderable relative displacements of the atoms. 

We have seen that twinning is capable of introducing strain and 
thereby supplying the incentive for recrystallization. From a erystal- 
lograpliic point of view this form of lattice reconstruction is more sys- 
tematic and less arbitrary and quite likely of more frequent occurrence 
than the other alterations in crystal structure involving distortion, such 
as rotation during slip around an axis perpendicular to the slip plane or 
around an axis lying in the slip plane {Biegegleitung) , which have been 
observed under special conditions and are supposed to occur freely in 
the case of severe deformation. 

Postulates Concerning Twinning in Relation to the Plastic 
Deformation op Metals 

1. When in the inhomogeneous deformation of a metal by slip com- 
bined with distortion, the atoms in certain zones reach positions more 
nearly approximating equilibrium positions in a possible twin than in 
the original crj-stal, twin lamellae will be formed with partial relief of 
stress and the residual distortion will be distributed in harmony with 
the geometrical requirements of each special case. 

2. By far the great majority of the metals are subject to structural 
alteration of this character. 

3. Under slowly applied loads there is a minimum occurrence of 
the continuous distortion from plane to plane required to initiate twin- 
ning, owing to the tendency toward premature slip along "weak” 
planes of variable spacing depending upon the concentration of impur- 
ities or the operation of other factors which may affect the cohesion 
between planes. 

4. Under impact loading a given small displacement is momentarily 
distributed among many planes, thus disturbing the equilibrium of large 
numbers of atoms and potentially favoring the formation of sizable 
twin bands. 

5. The distortion around simple twin bands wholly enclosed within 
the original crystal may be confined to the ends as distinguished from 
the parallel sides bounded by twinning planes and this brings about end 
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growth on annealing which may spread along the sides. In other cases 
distortion may exist at the composition planes and bring about direct 
lateral growth. 

6. Both the quantity and the size of deformational twins are greatly 
affected by the kind of deformation and the purity of the metal. 

7. Distortion and thermal instability are especially pronounced in 
the vicinity of faults or direct intersections where twin bands enter into 
conflict with one another. 

8. One form of recrystaUization is essentially granulation produced 
by irregular and competitive growth of interstratified twin lamellae 
which are here termed crystallographic fragments in that they cannot be 
fitted together without distortion in spite of their crystallographic 
relationship through the parent crystal. 

9. Recrystallization in the absence of twinning is a similar reaction 
between lamellae (fragments) formed by inhomogeneous distortion dur- 
ing slip, e. g., variable rotation of the slip planes. This leads to less 
pronounced changes in orientation from grain to grain than is effected 
by twinning. 

10. In conformity with the conception of recrystallization expressed 
in (8) and (9), diversity of orientation after a succession of deformational 
and annealing treatments is due to multiple internal t-winning, rotation 
during slip or some combination of these two causes depending upon the 
nature of the metal, the initial orientation of the crystals, and the kind 
of deformation. 



Purification of the Six Platinum Metals* 

By Edwaed WiCHERSjt Raleigh Gilchrist^ and Wm. H. Swanger,§ 
Washington, D. C, 

(New York Meeting, February, 1928) 

The purpose of this paper is to set forth the matters of principal 
interest in connection with work done in the past few yeai’S on the 
purification of the metals of the platinum group, including the study 
and modification of methods already in the literature and the develop- 
ment of new procedures. For the most part, the results will be given in 
summary form, reserving the publication of detailed data and directions 
for a forthcoming paper to be issued by the Bureau of Standards. 

In recent years increasing interest has been shown in the preparation 
of the pure platinum metals, both by those concerned with the manufac- 
ture of the metals and their aUoys for scientific and industrial purposes 
and those who are engaged in the study of the chemical or physical 
properties of the elements. The purification of the metals usually has 
been regarded as a matter so involved and difficult as to require the 
attention of specialists. It is hoped that this paper wiU show that any 
of the metals can be prepared in any desired degree of purity by relatively 
simple straightforward chemical methods. 

For the most part, it is thought that the methods given are suitable 
for small-scale refineries as weU as for the laboratory; also, that they will 
bring the time required for the purification of any of the metals within 
reasonable limits. The new procedure suggested for purifying platinum 
should prove to be much shorter than any methods described in 
the literature. 


Tkeatment op Platinum Okb 

As is well known, the principal source of the platinum metals is a 
mixture of several native alloys of the metals, found chiefly in naturally 
concentrated deposits in stream beds or alluvial material. Without 
attempting to enumerate all of the minerals present, it may be said that 
the concentrated ore from such sources contains all of the six platinum 
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metals, together with gold, silver, copper, iron, and possibly other 
base metals, in a number of alloys, as well as small amounts of a number 
of nonprecious minerals which are not completely separated in the 
process of concentration. A few compounds of the metals, such as 
platinum arsenide and ruthenium sulfide, are known. In certain of the 
natural occurrences one or more of the metals may be practically absent, 
as in the case of some osmiridium deposits, which contain little or no 
platinum or -palladium. Similarly, little if any iridium, osmium, or 
ruthenium is found with the platinum and palladium associated with 
copper and nickel ores. Platinum, however, is the most abundant of the 
six metals and predominates in most of the ores. 

A scheme of separation suitable for an average platinum ore, like those 
produced in Russia or Colombia, will be found adaptable, with appro- 
priate modifications, to almost any type of concentrated platiniferous 
material. Such a scheme is described first. In the subsequent sections 
of the paper, dealing with the individual metals, it will be understood 
that the original material contains relatively small proportions of the 
remaining platinum metals or other elements. 

In the usual practice, the ore is first digested with aqua regia, fresh 
acid being added from time to time as long as any appreciable amount of 
metal dissolves. A mixture of four volumes of hydrochloric acid (sp. 
gr. 1.18), one volume of nitric acid (sp. gr. 1.42), and one volume of water 
is satisfactory for the purpose. The resulting solution contains the bulk 
of the platinum and palladium as well as the gold and most of the base 
metals present in the material. It will also contain iridium, rhodium, 
and small amounts of ruthenium which were present as minor constituents 
of the soluble alloys, but any osmium which dissolves escapes as the 
volatile tetroxide. Some or all of the silver will be in the solution 
because of the solubility of silver chloride in such a strongly acid medium. 
Osmiridium and other alloys containing iridium as a major constituent 
remain in the insoluble residue, together with most of the ruthenium, 
much of the rhodium and much of the nonprecious mineral content of 
the sample. Some platinum and presumably palladium are likely to 
be present in the insoluble portion. 

General Separations 
Treatment of the Aqua Regia Solution 

The first operation is to precipitate the bulk of the platinum with 
ammonium chloride. To prepare the solution for this precipitation the 
nitric acid and most of the excess of hydrochloric acid are removed by 
evaporation. A small amount of water is added to the hot sirupy residue 
to cause the decomposition of nitrous compounds of platinum, after 
which hydrochloric acid is added and the evaporation repeated. It 
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is well to continue the evaporation each time until the temperature of 
the solution reaches 140° to 150° .0., unless the residue becomes pasty, 
in which case local overheating is likely to occur. The evaporation at 
high temperature probably causes the reduction of part of the iridium to 
the trivalent state, in which form less of this element will be precipitated 
with the platinum salt. 

After the solution has been evaporated twice it is diluted so as to 
contain 50 to 100 g. of platinum per liter and set aside to permit silver 
chloride and other insoluble matter to settle. The solution is decanted or 
filtered from the insoluble residue, heated nearly to boiling and treated 
with ammonium chloride. Ammonium chloroplatinate separates at 
once. A small excess of ammonium chloride is desirable to reduce the 
solubility of the ammonium chloroplatinate, but a large excess should 
be avoided because it increases the degree of contamination of the salt. 
The solution is cooled quickly and filtered at once to avoid contaminating 
the precipitate with the very impure salt which separates on standing. 
The precipitate is well drained and washed once or twice with a 20 per 
cent, solution of ammonium chloride, after which it is dried and ignited 
to sponge. The filtrate contains varying amounts of platinum but 
usually less than 5 per cent, of the platinum in the sample. 

The next step depends on the nature and proportion of the other 
metals present. If there is a large amount of gold, it may be desirable to 
separate that metal by the addition of ferrous sulfate solution. The 
separation is rapid and complete, and the gold thus obtained is fairly 
pure. If much palladium is present, it may be desirable to add more 
ammonium chloride and a volume of nitric acid amounting to 20 or 30 
per cent, of the solution. Digestion on the steam bath causes the pre- 
cipitation of ammonium chloropalladate, accompanied by much of the 
iridium and platinum in the solution. However, the presence of nitric acid 
interferes greatly with the removal of the remaining precious metals. 
Usually the most convenient procedure is to precipitate all of the metals 
rema inin g in the solution, after the first precipitation of platinum, by 
means of zinc or iron. As it is very difficult to precipitate iridium com- 
pletely- in this way, the process must be continued for a long time, possibly 
for some days. Even then it is quite likely that some of the iridium will 
escape precipitation. 

The precipitated metals are washed by decantation and after a suffi- 
ciently large amount of such material is accumulated it is attacked with 
aqua regia diluted with four volumes of water. Gold and palladium are 
very rapidly dissolved and platinum reasonably so . Comparatively little 
iridium, rhodium, and ruthenium will dissolve. If platinum predomi- 
nates in the solution, it is best precipitated first, by means of ammonium 
chloride, as described. If not already separated, gold is then removed by 
precipitation with ferrous sulfate, after which palladium is precipitated 
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as described. The various precipitates, platinum, gold and palladium, 
will contain more or less iridium, rhodium and ruthenium. The remain- 
der of these metals together with unprecipitated platinum and palladium 
are recovered by precipitation with zinc as before, after evaporating the 
solution to eliminate most of the nitric acid. 

Residue after Treatment of Aqua Regia Solution 

The residue of rhodium iridium and ruthenium may be worked up 
with the osmium-iridium material which remained undissolved in the 
original aqua regia treatment. However, if suflBcient material is at hand 
to work the two lots separately it will be better to do so, because the 
former contains little or no osmium and a very minor amount of ruthe- 
nium and may therefore be handled somewhat more simply. If rhodium 
is predominant, the dried residue is intimately mi-ved with about 
times its weight of sodium chloride and brought to dull red heat in a cur- 
rent of chlorine. This treatment converts a large part of the rhodium 
to the soluble sodium rhodium chloride. Some of the iridium will also 
be converted to a double chloride, but this metal is less readily attacked 
than rhodium. 

If iiidium is predominant the residue is better attacked by fusion, at 
600° to 700° C., with three parts of sodium hydroxide and one part of 
sodium peroxide in a silver, nickel or iron dish. A portion of the iridium 
is dissolved, probably in the form of a basic iridate. By far the greater 
part of the iridium from such a fusion remains insoluble in water but does 
dissolve in hot concentrated hydrochloric acid to form iridium chloride. 
The ruthenium present will be found largely in the aqueous solution 
obtained by leaching the fused alkaline mass. If only small amounts of 
ruthenium are involved it will be less tedious not to attempt to separate 
it at this point, but merely to concentrate it by precipitation together 
with iridium and any osmium by exactly neutralizing the alkaline solution 
with hydrochloric acid or sulfuric acid, adding a little alcohol and boiling. 
The small amount of metals remaining in the solution after this treat- 
ment may be recovered by reduction with zinc and hydrochloric acid. 
The treatment of this mixture of iridium, ruthenium and osmium is dis- 
cussed in the section dealing with the osmiridium fraction. Rhodium is 
not rapidly attacked by alkaline fusions. For this reason it is often found 
advantageous to alternate the treatments, sodium chloride -1- chlorine and 
sodium hydroxide -1- sodium peroxide, until all the material has been 
rendered soluble. 

When the material that consists largely of rhodium and iridium has 
been brought into solution as chlorides, the two metals may be separated 
by either of two procedures, depending on the relative proportion of the 
two. Unless there is much more rhodium than iridium, a convenient 
way of effecting the first separation is to precipitate iridium as ammonium 
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chloroiridate. Before adding ammonium chloride the solution should 
be treated with a current of chlorine to oxidize any trivalent iridium to 
the quadrivalent state. The solution should be concentrated so as to 
contain not less than 50 g. of the two metals in one Hter. Enough 
ammonium chloride is added to react with the iridium present. A large 
excess should be avoided because of its interference with the subsequent 
concentration of rhodium. The ammonium chloroiridate is separated by 
filtration, drained, and washed moderately well with a solution of ammon- 
ium chloride. It is Mkely to contain considerable rhodium as impurity. 
Most of the iridium remaining in the solution with the rhodium is recov- 
ered by evaporating the solution to dryness. This serves also to eliminate 
any excess of acid, which would be troublesome in the subsequent con- 
centration of rhodium. The residue is taken up in sufficient water to 
dissolve any readily soluble salts, such as ammonium chloride, sodium 
chloride, or the double chlorides of rhodium, and filtered from the small 
precipitate of impure ammonium chloroiridate. The filtrate is diluted 
so as to contain not more thqn 40 to 50 g. of rhodium in one hter, heated 
nearly to boihng and treated with sodium nitrite. This reagent first 
neutrahzes the acid present and reacts with ammonium chloride to fom 
ammonium nitrite, which decomposes in the hot solution. Rhodium 
and the other platinum metals, as well as certain base metals, are con-, 
verted to soluble double nitrites, while other base metals, notably iron 
and tin, are precipitated as hydroxides. Heating is continued and more 
sodium nitrite added until the color of the solution becomes yellow or 
fight brown. The precipitate is filtered off and treated for the recovery 
of the small amounts of platinum metals which it may contain. Ammon- 
ium chloride is added to the well cooled filtrate to precipitate ammon- 
ium rhodium nitrite. The details of this treatment are described in the 
section on rhodium. The granular, white or yellowish salt is separated 
by filtration, washed with water and dried, or dissolved in hydrochloric 
acid for further purification. It is not suitable for direct ignition to 
sponge. Residual metals are recovered from the filtrate by means of 
hydrogen sulfide. 

Treatment of the Fraction Insoluble in Aqua Jtegia 

The residue which remained undissolved in the original aqua regia 
treatment of the ore is converted into soluble form by fusion with sodium 
hydroxide and peroxide. As the grains of osmiridium are rather slowly 
attacked by the alkaline fusion, they are sometimes converted to a finely 
divided zinc aUoy by melting with 5 to 10 parts of zinc at 600° to 800° C. 
for 2 to 3 hr. The molten mass is covered with fused zinc chloride to 
prevent rapid oxidation of the zinc and is occasionally stirred with a 
graphite rod. Treatment of the cooled melt with hydrochloric acid 
dissolves the excess of zinc and leaves a finely divided residue of osmium. 
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iridium, etc., in the form of zinc alloys. The powder is washed and dried, 
but not ignited, and is then ready for the alkaline fusion. The aqueous 
extract from the fusion with sodium hydroxide and peroxide contains 
practically all of the osmium and a large part of the ruthenium as well 
as minor amounts of iridium. The treatment of the residue that is not 
dissolved by water is the same as that described in the section on iridium. 
The alkaline solution of osmium and ruthenium is transferred to a suit- 
able distilling flask, described in the section on ruthenium. It is strongly 
acidified with nitric acid, then gradually heated to boiling, a current of 
air being used to carry the vapors of osmium tetroxide into the chain of 
receiving flasks. These flasks contain a 10 to 12 per cent, solution of 
sodium hydroxide. A little alcohol is added to aU but the first one.‘ 

When no more osmium tetroxide distils, as maybe observed by putting 
a fresh solution in the first receiving flask, the contents of the several 
flasks are combined and digested to insure the reduction of all osmium 
tetroxide to sodium osmate. More alcohol is added if needed. Practi- 
cally all of the osmium may be separated from the ruthenium in this distil- 
lation. It has been observed, however, that it is not possible in this way 
to effect a complete separation of osmium from solutions to which alcohol 
has been added. 

After cooling the solution in the distilling flask, it is made strongly 
alkaline with sodium hydroxide. The solution is then saturated with 
chlorine, thereby converting ruthenium to the tetroxide, which distils 
readily when the temperature is raised to 80° or 90° C. The current of 
chlorine is continued during the distillation but is greatly diluted with air. 
The receiving flasks in this case contain hydrochloric acid diluted with 
four volumes of water. A little alcohol is added to all of the receivers 
except the first one. When the quantity of ruthenium distilling over 
decreases, the solution is boiled gently and the distillation continued as 
long as oily drops of ruthenium tetroxide appear in the delivery tube. 
Without cooling the solution, more sodium hydroxide is added and 
saturated with chlorine, whereupon more ruthenium is distilled. When 
very little ruthenium tetroxide is obtained on repeated distillation, 
the remaining iridium, ruthenium, etc., are precipitated by adding a 
little alcohol to the neutralized solution from the distilling flask and 
boiling. The contents of the receiving flasks are combined and digested 
to complete the reduction of ruthenium tetroxide, more alcohol being 
added if needed. The r^ulting solution is evaporated and set aside for 
further purification, or ruthenium may be precipitated with ammonium 
chloride, as described in the section dealing with that metal. 

^ A .solution of ammonium hydroxide and ammonium sulfide may be substituted 
for sodium hydroxide. In this case the whole solution is evaporated to dryness and 
the residue ignited under hydrogen to osmium sponge. Some sulfur is retained by 
the metal. 


608 


PURirxCATION OF THE SIX PLATINUM METALS 


Platinum 

Precipitation as Ammonium Chloroplatinate 

Of the methods that have been used for the purification of platinum, 
repeated precipitation of ammonium chloroplatinate undoubtedly is 
the most important. The salt is relatively insoluble. It may be readily 
precipitated in a form that is easily filtered and washed, and it may be 
directly converted to metallic platinum by ignition. Any desired degree 
of purity may be attained by a suflEicient number of roprecipitations. 
However, the number of precipitations required to produce very pure 
metal such as that used for thermocouples and resistance thermometers 
is somewhat surprising. It might be expected that in this, as in other 
processes of purification by recrystallization, the principal cause of diffi- 
culty would be the formation of other salts which are isomorphous with 
that of platinum, especially if they are of the same order of solubility. 
It is true that all of the other metals except rhodium can exist in the 
quadrivalent state and in this condition form relatively insoluble salts 
analogous to ammonium chloroplatinate and isomorphous with it. How- 
ever, because of the usual course of previous separations, osmium and 
ruthenium are seldom present with platinum except in very small 
amounts. Palladium is readily reduced from the quadrivalent state to 
the bivalent state by heating the solution. It is probably true that 
iridium also is reduced in part, at least, from the quadrivalent state to 
the trivalent state by heating, especially if the temperature reaches 140° 
to 160° C. The double chlorides of bivalent palladium and trivalent 
iridium with ammonium chloride are much more soluble than ammonium 
chloroplatinate and not isomorphous with it. 

With the possible exception of iridium, therefore, one might expect 
to eliminate the metals of the platinum group about as rapidly as gold 
and the base metals, by the repeated precipitation of ammonium chloro- 
platinate. This is not the case. Rhodium, iridium, and palladium dis- 
play remarkable persistence in contaminating the platinum salt and 
rhodium is about as tenacious in this respect as iridium. In one prepara- 
tion of pure platinum in this laboratory the original metal contained 
about 0.7 per cent, of rhodium and a much smaller amount of iridium. 
The platinum resulting from the first precipitation with ammonium chlor- 
ide contained about 0.2 per cent, of rhodium and that from the third about 
0.04 per cent., estimated by thermoelectric test. After seven precipita- 
tions a minute amount of rhodium could still be detected in the mother 
liquor from ammonium chloroplatinate corresponding to about 450 g. of 
platinum. Iridium was not detected after the fifth precipitation. This 
persistent contamination, presumably caused by adsorption, was well 
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recognized by such early workers as Deville, Debray and Stas,^ but seems 
to have been overlooked in more recently published work, especially in 
that dealing with methods of analysis. 

Silver may persist through several steps of the purification because 
of the solubility of silver chloride in strong chloride solutions. Part of 
the dissolved silver chloride is carried down with the precipitate of 
ammonium chloroplatinate only to redissolve with the platinum when the 
sponge is treated with aqua regia. However, experience indicates that 
silver and gold as well as base metals are usually eliminated before the 
last traces of platinum metals disappear. 

The degree of contamination of ammonium chloroplatinate undoubt- 
edly varies with the method of precipitation. In this laboratory no 
tests have been made of the purity of the salts obtained under varying 
conditions of precipitation, the method employed having been chosen 
primarily for convenience and speed in handling the salt. In general 
the procedure has been as follows: 

The crude sponge is dissolved in aqua regia in a porcelain dish, pro- 
vided with a cover glass to prevent loss by spraying. For 100 g. of 
metal 300 to 350 ml, of hydrochloric acid (sp. gr. 1.18), 75 to 100 ml. of 
water and 60 to 70 ml. of nitric acid (sp. gr. 1.42) are used. The tem- 
perature is raised rather slowly to avoid too vigorous a reaction. In 
some cases more aqua regia is required for complete solution.® The 
solution is evaporated fairly rapidly without previous filtration until the 
temperature reaches 140° to 150° C. unless the residue becomes pasty 
before this temperature is reached, in which case the evaporation must 
be stopped to avoid local overheating. If no large amount of base metal 
or alkali salt impurities were present in the sponge the solution will still 
be fluid at 150°. A small amount of water is then added, which causes a 
lively boiling and the evolution of nitrous fumes. In this process any 
nitrous compounds of platinum are decomposed. Duparc and Tikono- 
witch^ state that if the nitrous compounds formed during the treatment 
with aqua regia are not decomposed, a considerable amount of platinum 
will escape precipitation with ammonium chloride. More water is 
added to cool the solution below 100°. After digesting for a few minutes 
some hydrochloric acid is added and the evaporation repeated. 

* For a detailed discussion of the observations of these workers see Frocks Verbaux, 
Comity International des Poids et Mesures (1877) 154, 161. 

* Platinum sponge may also be dissolved by making it the anode in the electrolysis 
of strong hydrochloric acid. -This method is employed by at least one laboratory 
which refines several thousand ounces of platinum annually. The method was first 
used by H. C, P. Weber: Preparation of Chloroplatinic Acid by Electrolysis of Plati- 
num Black, U. S. Bur. Standards Sd, Paper 82 (1907) 365. 

‘L. Duparc and M. N. Tikonowitch: Le Platine et les Gites Platinif^res do 
l^Oural et du Monde, 508. “Sonor” Pub. Co., 1920, Geneva. 

VOL. 76 .- 39 . 
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This whole process can be repeated three or four times in a short 
while, insuring the elimination of nitrous compounds and presumably 
promoting the reduction of quadrivalent iridium to the trivalent state. 
After the last evaporation water only is added and the solution diluted 
so as to contain not less than 50 and not more than 100 g. of platinum 
in one liter. It is set aside to allow settling of insoluble matter and then 
decanted or filtered from any residue. The residue may contain undis- 
solved iridium or rhodium as well as silver chloride, silica, and other 
insoluble matter. 

The solution is heated nearly to boiling and treated with a 20 per cent, 
solution of ammonium chloride, using 55 to 60 g. of the salt for each 
100 g. of platinum and adding enough in excess so that the whole 
solution will contain 3 to 5 per cent, of the salt. A moderate excess of 
ammonium chloride is desirable to decrease the solubibty of the platinum 
salt but a large excess increases the degree of contamination too greatly. 
The solution is cooled rapidly and the salt immediately filtered off and 
drained by suction. If the solution is allowed to stand a small amount of 
salt of much lower purity will separate and thus contaminate the main 
precipitate. The salt is well drained, returned to the dish and thoroughly 
mixed with a wash solution containing 20 per cent, of ammonium chloride. 
After draining the salt, this whole process is repeated once more. The 
filtrates and washings are evaporated to recover most of the residual 
platinum in a second crop of ammonium chloroplatinate, less pure than 
the first, and for the recovery of other precious metals by precipitation 
with zinc. The salt is dried and ignited to sponge. 

In dealing with very pure platinum, suitable precautions must be 
taken with the containers and the manner of heating to avoid contamina- 
tion of the metal during ignition of the salt. Some refiners have experi- 
enced diflSculty with the use of clay crucibles. The sponge thus prepared 
is likely to be badly contaminated with iron. Some refiners use platinum 
pans. In this laboratory, ordinary porcelain ware has often been used as 
well as some special porcelain with a glaze of high softening point. Silica 
dishes are probably satisfactory. Metal vapors from windings in elec- 
trically heated furnaces are to be avoided if very pure sponge is desired. 
This can be done by using a glazed muffle or other glazed lining between 
the heating element and the vessel containing the sponge. When possible 
it is desirable to bring about the decomposition of the salt in a reducing 
atmosphere, preferably hydrogen. If ammonium chloroplatinate is 
igmted in the air, there is always some loss of platinum, probably caused 
by the volatilization of platinous chloride. The amount of this loss and 
the mechanical loss caused by the particles of sponge carried away in the 
vapors vary with the rate of heating and may be considerable. After 
the salt is decomposed, the ignition is continued in air. If it is desired 
simply to prepare the sponge for another step in the process of purification 
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it is not necessary to exceed a temperature of 500° to 600° C. A higher 
temperature causes the sponge to shrink, which makes it more suitable 
for melting. 


Collective Precipitation of Impurities 

Although repreeipitation with ammonium chloride provides an 
entirely satisfactory way of preparing platinum in any degree of purity, 
the method is tedious and time consuming. Attempts have been made by 
various workers to devise alternative or supplementary procedures which 
would shorten the process of refining. Most of this work has aimed at the 
removal of impurities, usually by collective precipitation of the base 
metals and other platinum metals with alkaline reagents. At least one 
laboratory which refines a considerable quantity of platinum annually is 
making successful use of a procedure of this kind. 

Apparently the first mention of such a scheme is in the work of 
Dobereiner and Weiss,® who added milk of lime or lime water to the solu- 
tion of impure platinum. This procedure was followed for a time at 
least at the Mint at St. Petersburg. Others pointed out that the precipi- 
tation of impurities was not complete and that varying amounts of 
platinum were present in the precipitate. Mylius and Mazzucchelli® sug- 
gested the addition of a solution of sodium bicarbonate in bromine water 
— ^in effect sodium hypobromite — ^to a neutral solution of sodium chloro- 
platinate, and digesting for a short time on the steam bath, as a means of 
collectively precipitating most of the impurities in commercial platinum. 
Their scheme was used in an approximate analytical method and a com- 
plete separation was not claimed. 

Work done in this laboratory has shown that under favorable condi- 
tions platinum of remarkably high purity can be obtained by the pre- 
cipitation of impurities with certain alkaline reagents. It has been found 
that the reaction of some if not most of the platinum metal chlorides with 
alkaline reagents, that is with hydroxyl ions, is far from instantaneous. 
In order to bring to completion in a reasonably short time the reactions 
resulting in the precipitation of hydroxides or basic salts of these metals, 
it is necessary to raise the temperature of the solution to the boiling point 
for a few minutes. It also appears to be necessary to establish a pH of 7 
to 8 or perhaps slightly beyond, that is, to have the solution very slightly 
alkaline and to keep it so until the precipitate has been removed, in order 
to insure the greatest possible elimination of impurities. This alkaline 
condition would not be difl5.cult to establish and maintain except for the 
interference of the reaction of the chloroplatinate radical with hydroxyl 

® Annalen der PharmcLde (1835) 14, 17. 

® F. Mylius and A. Mazzucchelli: tJber die Platinanalyse. Ztsch, f. anorg, Chem, 
(1914) 89. 1. 



612 


PURIFICATION OF THE SIX PLATINUM METALS 


ions. This reaction is much slower than the similar reactions of the other 
metals but, of course, increases in speed with increase in temperature and 
with increase in concentration of platinum, and of hydroxyl ions. It is 
apparent that several reactions may occur in succession, the first 
one being 

Na2PtCl6 + (OH)- NasPtClsOH + Gl- 
and the others resulting in the replacement of successive chlorine atoms 
in the chloroplatinate radical by hydroxyl groups. The first reaction 
appears to produce a soluble compound, so that no difficulty is experienced 
with excessive precipitation of platinum. However, the pH at which this 
reaction comes to equilibrium in solutions having the concentration of 
platinum which must be dealt with in refining is distinctly on the acid 
side of neutrality. In other words, when a hot chloroplatinate solution 
is being treated with an alkaline solution to precipitate impurities as 
hydroxides or basic salts, platinum also tends to react with the alkali. 
This reaction very quickly causes the solution to become sufficiently acid 
to prevent the complete precipitation of the impurities or to rcdissolve 
some of the compounds already precipitated. It has been found that the 
presence of bromate ion greatly retards this reaction. A hot solution 
containing 50 g. of platinum and about 5 g. of sodium bromate per 
liter can be made alkaline to sensitive litmus paper by the addition of 
sodium bicarbonate, boiled for a few minutes, cooled, and separated from 
the precipitated impurities before the solution becomes acid. 

By using this method of collectively precipitating impurities, subse- 
quently precipitating the platinum once with ammonium chloride and 
igniting to sponge, platinum of an estimated purity of 99.99 per cent, 
was prepared from scrap platinum containing 6 to 10 per cent, of impuri- 
ties, principally platinum metals. From scrap containing 99 per cent, 
of platinum, metal estimated to be 99.995 per cent, pure was obtained. 
Under less favorable conditions metal estimated to be 99.96 to 99.97 per 
cent, pure was obtained from a lot of Colombian grain platinum contain- 
ing about 84 per cent, of platinum, 3 per cent, of gold, 8 per cent, of iron, 
3 per cent, of iridium, palladium and rhodium combined, and 1 per cent, 
of silver and copper. Most of the gold had been removed first by a 
preliminary treatment of the ore with cold aqua regia. 

The base metals which are likely to be associated with platinum should 
be precipitated without difficulty under the conditions outlined. Palla- 
dium, rhodium and iridium appear to precipitate very nearly completely. 
Osmium and ruthenium probably precipitate, except for the portion of 
the ruthenium that is present as nitrosochloride and the osmium and 
ruthenium that may be oxidized to the tetroxides by the action of the 
bromate, if the solution at any time becomes acid enough to liberate 
bromine. Silver is likely to remain in the solution as dissolved silver 
chloride and gold is divided between the precipitate and the solution. 
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However, gold may be eliminated by adding sufficient ferrous sulfate to 
precipitate it as metal before the addition of sodium bicarbonate. The 
iron from this reagent, of course, is precipitated with the other impurities 
and may in fact be helpful in collecting small amounts of other precipi- 
tated compounds. Some platinum will appear in the precipitate but not 
enough of it to detract from the value of the method. Work is now in 
progress on the reaction of the individual platinum metals with hydroxy] 
ions as well as other phenomena underl 3 dng the procedure, but the obser- 
vations described above seem to be of sufficient interest to those con- 
cerned with the purification of platinum to warrant mention in this paper. 

The procedure used is as follows : The solution of impure platinum in 
aqua regia is evaporated once or twice to eliminate nitric acid in the 
manner previously described. Enough sodium chloride is added to form 
sodium chloroplatinate and similar salts of the other metals. The 
solution is evaporated and the residue thoroughly dried to remove as 
much as possible of the hydrochloric acid.'^ The residue is dissolved in 
water and the solution diluted so as to contain about 50 g. of platinum 
per liter. If gold is thought to be present, ferrous sulfate solution is 
added in small portions until no further precipitation of gold occurs. 
The solution is decanted from the residue and heated nearly to boiling, 
after which sodium bicarbonate is added in small portions to neutralize 
most of the remaining hydrochloric acid. When the solution is nearly 
neutral, as may be judged by diminishing effervescence, 10 to 12 g. of 
sodium bromate for each 100 g. of platinum is added, only a little being 
added at first to determine whether the solution is nearly enough neutral 
not to decompose the bromate. If bromine is evolved, more sodium 
bicarbonate is added untU. the addition of a little sodium bromate causes 
no further evolution of bromine. The remaining sodium bromate is 
then added and the addition of small portions of sodium bicarbonate 
continued until the solution just turns sensitive litmus paper blue. The 
solution is now brought rapidly to boiling and again tested with litmus 
paper. If it is acid a little more sodium bicarbonate is added and the 
solution is then boiled for three to five minutes. It is finally tested once 
more and if not alkaline another small portion of sodium bicarbonate is 
added and the boiling continued for a minute. The solution is then 
cooled rapidly in running water. After the precipitate settles, the super- 
natant solution is siphoned off and passed through a filter to collect 
suspended precipitate. 


’’ The conversion of chloroplatinie acid to sodium chloroplatinate may also be 
accomplished by adding sodium hydroxide or sodium bicarbonate directly to the solu- 
tion. However, because of the difl&culty of judging when the neutral point is being 
approached and the consequent danger of adding too much alkaU, it is much simpler 
to add sodium chloride and evaporate to dryness. 
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If observations or tests indicate that the reaction has not been success- 
ful, the solution is acidified with hydrochloric acid, evaporated down and 
the whole process repeated, after adding a little aluminum chloride. The 
aluminum salt is added so as to produce a precipitate which will collect 
smaller amounts of precipitated compounds. This is also done when 
practically pure platinum is being treated. If the separation of impuri- 
ties appears to have been successful, the solution is digested with hydro- 
chloric acid to decompose the bromate and the platinum is precipitated 
with ammonium chloride. The ammonium chloroplatinate precipitated 
from thia solution wiU carry down considerable sodium chloride, most of 
which may be removed by leaching with water after the salt has been 
ignited to sponge. 

The precipitate obtained by the treatment with sodium bicarbonate is 
dissolved in hydrochloric acid and the solution worked over for such 
metals as it may contain. More or less platinum will be present, depend- 
ing on the size of the precipitate and other conditions, but the amount 
should rarely exceed 5 per cent, of the platinum in the solution. 

Determining Purity of Platinum 

The purity of platinum obtained in a refining process may be tested 
by one or more methods, singly or in combination. In this laboratory 
the filtrate obtained from the precipitation of ammonium chloroplatinate 
is evaporated until the solution is practically saturated with ammonium 
chloride at room temperature. Most of the remaining platinum separates 
as a second crop of the salt. The filtrate from this salt is treated with 
zinc to precipitate residual noble metals. This small precipitate is 
then examined to determine the identity and approximate amount of 
the various metals present. While this examination can not yield quanti- 
tative results, because some of the impurities in the origmal material 
undoubtedly have been retained by the principal crop of ammonium 
chloroplatinate and more of them by the second crop, it nevertheless 
offers a useful indication as to the progress of purification. It is certainly 
safe to estimate that half or more of the total quantity of impurities 
present in the original material will appear in the zinc precipitate. When 
no more impurities are found the platinum salt may safely be regarded 
as pure. 

Another very useful method is the thermoelectric comparison of a 
small sample of purified platinum with a standard sample. This method 
does not identify the impurities but gives a good indication of their 
approximate amount. The standard sample, of course, should be the 
purest platinum available. The test is made as follows: A small portion 
of the ammonium chloroplatinate is ignited to sponge and the sponge 
melted on a piece of lime of good quality under an oxyhydrogen flame. 
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precautions being taken to have a thoroughly oxidizing flame.* The 
fused button of platinum, weighing three to five or more grams is freed 
from adhering lime by means of hydrochloric acid and rolled to a thin 
ribbon. The ribbon may then be cut lengthwise and the pieces joined 
by fusion, so as to increase the length of the sample. One end of the 
sample is now fused to the standard sample of pure platinum wire, after 
which both elements are annealed by momentarily heating them to 
1000° or 1200° C. The junction is heated to a known temperature, say 
1200° C., and the e. m. f. measured by a sensitive miUi voltmeter; or, 
better, by a potentiometer. In this case it is not necessary to maintain 
a cold junction at 0° C., since the difference between this temperature 
and that of the room will not appreciably affect the results. The e. m. f. 
observed may be interpreted in terms of a particular impurity, such as 
iridium or rhodium, by reference to a chart on which is plotted an iso- 
therm of e. m. f. against composition.* The metals which are apt to be 
associated with platinum, with the exception of gold, invariably cause a 
positive e. m. f. in the alloy. Small amounts of gold cause a negative 
e. m. f. One must therefore be sure that gold is absent if the results 
are to have any significance. It is quite useful to employ this method 
in conjunction with the chemical examination of the mother liquors. 

It may be well to mention that when it is inconvenient or undesirable 
to ignite ammonium chloroplatinate to platinum in the several steps of 
the process of purification, the salt may be redissolved by suspending it in 
hot water and treating it with a current of sulfur dioxide. The first 
reaction is the reduction of the quadrivalent salt to the salt of bivalent 
platinum, which is much more soluble. The action of sulfur dioxide 
also resTilts in the formation of sulfite compounds. These may be 
destroyed by evaporating the solution with strong hydrochloric acid, 
although some time is required for this process, as the sulfite compounds 
are rather stable. Ammonium chloroplatinate may then be reprecipi- 
tated by the addition of chlorine or of hydrochloric and nitric acids. 


® Unless a thoroughly oxidizing flame is used the sample will be contaminated with 
calcium. The same thing happens if refractories other than lime are used. The 
alloys of platinum with small amounts of calcium or similar elements display a positive 
e. m. f. against pure platinum, thus vitiating the results of the test. 

oThe e. m. f. of an alloy containing 99 per cent, of platinum and 1 per cent, of 
rhodium, against pure platinum at 1200® C., may be taken as 2.2 millivolts. Simi- 
larly, the e. m. f . of an iridium alloy of 1 per cent, against pure platinum at 1200® C. 
may be taken as 3.2 millivolts. The curves between pure platinum and the 1 per 
cent, alloys may be plotted as straight lines. 

For the thermoelectric properties of alloys contairdng more than 1 per cent, of 
either metal, see W. Geibel: tJber einige elektrische und mechanische Eigenschaften 
von Edelmetall Legierungen. Ztschf. anorg. Ckem. (1911) 70 , 248; also A. L. Day 
and R. B. Sosman: High-temperature Gas Thermometry, Carnegie Inst. Pub, 157 
(1911) 121. 
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Some ammonium chloride is also added to decrease the solubility of the 
ammonimn chloroplatinate. This procedure has one advantage in that 
gold which may be present is quantitatively reduced to metal and is 
therefore readily eliminated. Reprecipitating the platinum salt by 
means of chlorine or otherwise oxidizing the bivalent compound is not so 
favorable to the removal of iridium, since this element also is rather 
easily reoxidized to the quadrivalent state. Palladium, rhodium and 
base metals should be eliminated about as well by this method as the 
other. Ammonium chloroplatinate may also be dissolved by boiling 
with oxalic acid or ammonium oxalate, but this reaction is undesirable 
because of the formation of double oxalates which are relatively insoluble 
and difficult to break up in any case. 

Palladium 

The impurities found in commercial palladium depend somewhat on 
the source of the metal. Palladium recovered in the refining of copper 
or nickel may contain silver, gold and platinum, as well as copper and 
nickel, and smaller amounts of tellurium, selenium, antimony, bismuth, 
lead and iron. Palladium recovered in the refining of crude platinum 
may contain small amounts of all of the platinum metals, silver, gold, 
and base metals, such as copper, iron, lead and zinc. The impurities 
in scrap palladium depend, of course, upon the previous use of the metal. 
The method which has been most widely used in the purification of 
palladium is the repeated precipitation of the compound known as 
dichlorodiammine palladium or paUadosammine^® chloride. This 
method is rapid and convenient and may be used to prepare paUa^ 
dium of any desired degree of purity. In some cases it may be desir- 
able to combine with it one or more precipitations of the metal as 
ammonium chloropalladate. 

If the palladium is not already in solution, it is dissolved in aqua 
regia, using the same proportion of acids as described under the purifica- 
tion of platinum. Palladium dissolves much more rapidly than platinum. 
The reaction should be conducted in a covered porcelain dish which may 
be^ heated if necessary. It sometimes happens that palladimn sponge 
contains some palladium oxide. This compound dissolves with the great- 
est difficulty in aqua regia and may therefore be found in the undissolved 
residue. The solution is evaporated on the steam bath to expel most of 
the excess of acid, after which the sirupy residue is dissolved in water and 
a little hydrochloric acid. The solution of bivalent palladium chloride 
thus obtained is diluted so as to contain 40 to 50 g. of palladium per liter. 


“ The preparation and properties of this salt are described in detail in Fremy’s 
Enc. Chhnique, 30, Pt. 3, 94-98. 
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If much silver was present, most of it will settle out as silver chloride, the 
remainder being kept in solution. Inasmuch as the process of purifica- 
tion involves a strong chloride solution and an ammoniacal solution 
alternately, several reprecipitations may be necessary to eliminate all of 
the silver. 

After filtering off the silver chloride and other insoluble material, 
ammonium hydroxide is added to the solution until no further precipita- 
tion of the flesh-colored compound [Pd(]SrH3)4]Cl2.PdCl2 occurs. The 
solution is then heated on the steam bath for 15 to 20 min. to redissolve 
the precipitate. It may be necessary to add a little more ammonium 
hydroxide, but an excess of this reagent is to be avoided because of the 
heating which results when the solution is subsequently acidified with 
hydrochloric acid. Iron and certain other impurities will be precipitated 
as hydroxides or basic salts. The color of the ammoniacal solution 
furnishes an indication of the amount of copper that may be present. 
If the solution is pale yellow or straw-colored, very little if any copper is 
present. If it is blue or bluish-green, the amount of copper may be 
considerable and the number of repreeipitations necessary to remove all 
of it will be increased accordingly. If much copper is present, it may 
possibly be desirable to precipitate the palladium first as ammonium 
chloropalladate. It is probable that copper is more rapidly eliminated in 
this way than by the repeated precipitation of dichlorodiammine pallad- 
ium, but the platinum metals are much more rapidly eliminated by the 
latter method. 

If a great excess of ammonia has been added inadvertently, some of 
it may be removed by heating on the steam bath for a time. The solu- 
tion is then cooled and acidified with hydrochloric acid, which causes the 
conversion of the soluble tetrammine-palladium dichloride [Pd(NH3)4]Cl2 
into the relatively insoluble dichlorodiammine palladium [Pd(NH3)2Cl2]. 
Hydrochloric acid is added until no more of the yellow salt forms. A 
large excess of acid and much heating are to be avoided, as the ammine 
compound may otherwise be partiaUy decomposed with a resulting 
unsatisfactory yield of precipitate. 

The yellow salt settles rapidly and is separated from the mother 
liquor by draining on a suitable suction filter, such as a Buchner funnel, 
and washing with cold water. For the next step in the purification, the 
salt is suspended in water and redissolved by adding ammonium hydrox- 
ide and heating. The process of reprecipitation is repeated as often as 
may be necessary. For the last step, it may be desirable to avoid 
contamination with the impurities which are apt to be present in ammon- 
ium hydroxide by suspending the salt in water and passing in a current 
of ammonia generated from a flask of ammonium hydroxide. 

If palladium of the very highest purity is to be prepared, it is probably 
desbrable to follow the several reprecipitations of dichlorodiammine 
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palladium by one or more precipitations of ammonium chloropalladate. 
If this is to be done, the yellow salt is dried and ignited to sponge in an 
atmosphere of hydrogen. The sponge is dissolved in aqua regia and the 
excess of acid eliminated by evaporation as before. The residue is 
diluted and filtered to remove silica or other insoluble matter which 
may have been introduced by the previous operations involving alkaline 
solutions. The volume of the solution is adjusted to contain 100 g. or 
more of palladium per liter. An equal volume of saturated ammonium 
chloride solution and one-third as much nitric acid (sp. gr. 1.42) are 
added and the whole solution is then digested in a covered dish on the 
steam bath, until the palladium is precipitated as the crystalline red salt, 
ammonium chloropalladate, {NH 4 ) 2 PdCl 6 . The precipitation can be 
made so nearly complete as to leave a mother liquor which is almost 
colorless. The salt is filtered off on a Buchner funnel and washed with a 
20 per cent, solution of ammonium chloride. If a second precipitation is 
to be made, the salt is ignited to sponge and redissolved in aqua regia. 
As was stated previously, this method of purification aids in the removal 
of base-metal impurities, particularly those which remain dissolved in an 
ammoniacal solution, but does not tend to eliminate platinum 
metals rapidly. 

As in the case of platinum, the progress of purification can be fol- 
lowed by examining the metals remaining in the mother liquors from each 
precipitation. To do this the mother liquors are evaporated to dryness 
on the steam bath and the residues digested with nitric acid to destroy 
ammonium chloride. After this treatment, the solution is again evapo- 
rated to dryness and the residue transferred completely to a crucible and 
ignited under hydrogen. This is necessary to decompose ammine com- 
pounds, of platinum and some of the other metals, which do not respond 
to the usual qualitative reactions for these metals. After the ignition, 
the residue is digested with aqua regia and examined for such metals as 
are thought to be present. Platinum and copper are likely to be the last 
metals to be eliminated. 

Either salt obtained in the process of purification can be ignited 
directly to palladium sponge. It is desirable to do this in an atmosphere 
of hydrogen. The use of hydrogen prevents the oxidation of palladium, 
which would otherwise occur. On the other hand, the metal should 
not be cooled in hydrogen because the palladium sponge takes up so 
great an amount of this gas. The current of hydrogen is therefore 
interrupted after the ignition is complete but before the metal is cooled. 
In cooling, the sponge will be partly oxidized but this can be corrected by 
moistening it with formic acid and drying at 100° to 150° C., -or by 
wetting the sponge with alcohol, igniting the latter, and allowing it to 
burn off spontaneously. A repetition of either treatment may be neces- 
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sary. Completely reduced palladium sponge has a uniform light 
gray color. 

Khodium 

The chief source of rhodium is in the residues from the refining of grain 
platinum. The crude metal is likely to contain any or all of the platinum 
metals, especially iridium, as well as base metals such as iron, lead, zinc, 
tin, etc. 

Two compounds which have been used for the purification of rhodium 
are the relatively insoluble chloropentammine rhodium chloride, also 
known as purpureo rhodium chloride, [Rh(NHs) 6 Cl]Cl 2 , and potas- 
sium rhodium nitrite, K3Rh(N02)6, also relatively insoluble. It is 
quite likely that several reprecipitations of the compound first named will 
result in the elimination of other platinum metals. It was found, 
however, that the salt is not nearly as suitable for purposes of refining 
as the ammine compound used in the purification of palladium. It is 
not readily redissolved in ammonia and the percentage yields of salt are 
less, so that only a small proportion of the original material is obtained as 
purified metal if the precipitation is repeated a few times. Furthermore, 
lead is a persistent impurity. Potassium rhodium nitrite is much more 
conveniently handled but the precipitate is accompanied by impurities 
which are thrown out by hydrolysis in the neutral or slightly alkaline 
solution. This disadvantage was overcome by forming first the much 
more soluble sodium rhodium nitrite, filtering off impurities precipitated 
by hydrolysis, and then adding ammonium chloride in order to form the 
relatively insoluble ammonium rhodium nitrite. The latter compound 
is readily decomposed by hydrochloric acid, yielding a solution of rhodium 
chloride. As will be shown later, it was found necessary to combine with 
this method a treatment with sodium sulfide, chiefly to remove lead. 
Lead and iridium proved to be the impurities most difficult to separate 
completely. The method to be described was used to prepare rhodium 
sponge, in which no impurities could be detected spectroscopically, from 
original material containing only 75 to 80 per cent, of rhodium. The 
chief impurities were iridium, platinum, palladium and lead, with 
smaller amounts of zinc and ruthenium. Co m mercial rhodium usually 
has a greater content of rhodium but the impurities are likely to be of 
the same kind and the same method of purification is applicable. As in 
the purification of the other platinum metals, the degree of purity desired 
determines the number of repetitions of the process. 

Crude rhodium is best converted to a soluble compound by mixing 
the metal with about two and one-half times its weight of sodium chloride 
and heating to about 600° C. in a current of chlorine. The metal and the 
salt shcfuld be mixed intimately, which may be done by grinding the two 
together in a ball miU. The mixture is placed in boats in an electrically 
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heated tube furnacC; or other suitable type of furnace, and heated for 2 l.o 
4 hr. in a stream of chlorine, the temperature finally being raised to 
incipient fusion. Minor amounts of certain other platinum-metal 
compounds may distil out but can be recovered in the cool portion of the 
furnace or in a receiving flask containing water. The sintered mass is 
cooled in the atmosphere of chlorine and is then dissolved in water. 
Usually there will be some undissolved residue, the amount depending on 
a number of factors such as the nature and amount of impurities present, 
the temperature, and the thoroughness with which the metal was mixed 
with sodium chloride. The treatment of the undissolved residue is 
repeated until all or nearly all of the rhodium is in solution. 

The solution is diluted so as to contain about 40 g. of rhodium per 
liter. It is filtered from any insoluble residue and heated on the steam 
bath. Sodium nitrite is added until the color changes from deep red to 
yellow, after which the solution is boiled for about an hour; 500 to 550 
g. of sodium nitrite should be added for every 100 g. of rhodium. This 
results in the conversion of rhodium and other platinum metals to double 
nitrites, all of which are soluble with the possible exception of a mixed 
double chloride and nitrite of iridiu m described by Lang^^ as having the 
formula Na 3 lrCl 6 .Na 3 lr(N 02 ) 6 , and being very slightly soluble in water. 
Most of the base metals present are precipitated as hydroxides or basic 
salts but some are converted to soluble double nitrites. If the solution was 
too concentrated, some of the rhodium salt may separate out on cooling. 
In this case more water is added to redissolve the salt. The precipitate is 
filtered from the solution and reworked for the small amount of precious 
metals which it may contain. 

A small amount of sodium sulfide is added to the cold nitrite solution, 
which is then set aside overnight. This reagent precipitates the lead as 
well as some of the palladium, platinum, and iridium present in the 
solution, but very little of the rhodium. Usually 5 to 10 g. of sodium 
sulfide is enough to treat a solution containing several hundred grams of 
rhodium. After standing overnight the odor of hydrogen sulfide can 
usually be detected in the solution. This may be taken as indicating a 
complete reaction. The sulfides are filtered off and worked up separately 
for the recovery of the precious metals. 

The filtrate is heated to boiling so that any remaining sodium sulfide 
wiU react to precipitate rhodium sulfide, which is filtered off. The solu- 
tion is then treated with an additional 30 to 50 g. of sodium nitrite for 
each 100 g. of rhodium, so as to make sure that all of the rhodium will 
be in the form of the double nitrite. The solution is cooled and treated 
with enough of a saturated solution of a mm oniu m chloride to form the 
slightly soluble ammonium rhodium nitrite, (NH4)3Rh(N02)6. This 
compound is a finely crystalline salt, white when pure, but yellowish if 


Fremy: Enc. Chimique, 30, Ft. 3, 212. 



EDWAED WICKERS, RALEIGH GILCHRIST AND WM. H. SW ANGER 621 


contaminated with other metals of the platinum group. The other 
metals do not form similar salts which are relatively insoluble, but it is 
possible that the corresponding iridium salt is isomorphous with the 
rhodium salt. Some difficulty may bo experienced on this account as well 
as from the possible formation of the mixed double chloride and nitrite of 
iridium to which reference was previously made. Experience shows that 
iridium is the most difficult impurity to eliminate after the lead has been 
separated by the treatment with sodium sulfide. If the original rhodium 
material contains much iridium, it is well to effect a preliminary separa- 
tion of this element by precipitation of ammonium chloroiridate, as 
described in the section of general separations. 

In the treatment of the sodium rhodium nitrite solution with ammo- 
nium chloride several precautions should be observed. The nitrite 
solution is usually slightly alkaline and will therefore liberate ammonia 
when ammonium chloride is added. Eor this reason a slightly acid 
solution of ammonium chloride is used. A saturated solution of ammo- 
nium chloride containing 10 ml. of hydrochloric acid (sp. gr. 1.18) per 
liter is satisfactory. The heat of reaction which occurs when the solu- 
tion of ammonium chloride is added causes some loss of nitrite because 
of the spontaneous decomposition of ammonium nitrite formed by the 
following reaction : 

NaNOa + NH4CI = NaCl + NH4NO2 

This excessive loss of nitrite results in incomplete precipitation of the 
rhodium. For this reason the solution is cooled in running water, prefer- 
ably below 18° C., during and after the addition of ammonium chloride. 
The precipitate of the ammonium rhodium nitrite is allowed to remain 
in the solution for about an hour, after which it is filtered off on a Buchner 
funnel and washed with cold water. If the salt remains in the solution 
for a longer time, it is quite likely to be contaminated because of the slow 
precipitation of certain impurities, especially iridium. The filtrate is 
heated to boiling. After the decomposition of residual ammonium 
nitrite has ceased, the metals left in the solution arc precipitated with 
hydrogen sulfide. 

The precipitate of ammonium rhodium nitrite is prepared for the 
next step in the purification by digesting it with hydrocMoric acid on 
the steam bath. The acid should be diluted with about four volumes of 
water to avoid too vigorous a reaction. The solution of rhodium chloride 
resulting from this treatment is evaporated to a sirup to drive off the 
excess of acid and is then diluted and treated with sodium nitrite as 
before. The whole procedure may be repeated as many times as neces- 
sary to obtain rhodium of the desired degree of purity. Five or six treat- 
ments have been found sufficient to produce metal in which only the 
slightest traces of impurities could be detected spectroscopically. 
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Sodium nitrite free from heavy-metal impurities is not always avail- 
able. It is therefore desirable to remove heavy metals from the reagent 
used for the final steps of purification as follows : Five to 10 g. of sodium 
sulfide is added to a concentrated solution of 5 kg. of sodium nitrite. 
Heavy metal sulfides separate out when the solution is allowed to stand 
overnight. The excess of sodium sulfide is removed by adding a slight 
excess of a solution of ferric chloride. The reaction results in the pre- 
cipitation of all the sulfide. As the nitrite solution is slightly alkah'ne, 
the excess of iron wiU be precipitated also. The solution is heated to 
coagulate the precipitate, which is then filtered off. 

As in the case of the other metals, the progress of purification is 
followed by examining the metals obtained from the mother liquors 
resulting from the precipitation of ammonium rhodium nitrite, and 
also by examining the precipitate obtained with sodium sulfide. Two or 
three treatments with sodium sulfide have been found sufficient to 
eliminate lead. When lead can no longer be found, this step is omitted 
from the cycle of operations. 

The final precipitate of ammonium rhodium nitrite may be dried ami 
kept as a source of pure rhodium but is not suitable for direct ignition 
to metal. It is better to convert it to ammonium rhodium chloride. 
This is done by dissolving the salt in hydrochloric acid and adding about 
5 per cent, more ammonium chloride than is required to form (NH 4 ) 3 - 
RhCle. This salt is very soluble in water but can be precipitated by 
adding to the solution one and one-haK times its volume of 95 per cent, 
alcohol. The salt is filtered off, washed with alcohol, and dried. The 
residual rhodium can be precipitated from the solution by hydro- 
gen sulfide. 

Ammonium rhodium chloride may be ignited directly to metal, as in 
the case of the other similar salts. Unless this is done in hydrogen the 
metal will be partly oxidized, but may readily be reduced by ignition 
and cooling in hydrogen. 

Iridium 

Iridium is the most resistant to attack of any of the platinum metals. 
The best method of attack for crude iridium, or its native alloys with 
osmium, is to fuse with an alkaline oxidizing mixture such as potassium 
hydroxide and nitrate, sodium hydroxide and peroxide, or barium perox- 
ide with or without barium nitrate. Treatment with the last-named 
reagents is not strictly a fusion, as the mass sinters rather than melts, thus 
permitting greater latitude in the choice of crucibles. Metal crucibles are 
but slightly attacked and the heating may be done in clay crucibles. If 
desired, the barium salts can easily be separated from the resulting 
iridium solution by precipitation as barium sulfate. Potassium salts 
usually are to be avoided because of the precipitation of potassium 
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chloroiridate when the iridium is finally converted to chloride. Fusion 
with three parts by weight of sodium hydroxide and one part of sodium 
peroxide, preferably in a silver dish, otherwise in nickel or a thick-walled 
iron vessel, is probably as convenient and satisfactory a method as any. 

If necessary, the metal is first reduced to a finely powdered zinc 
alloy, as described in the section on general separations. The dried 
material is added to the mixture of sodium hydroxide and peroxide which 
has been fused to expel moisture. The fusion is kept at 650° to 750° C. 
for 2 to 3 hr. and stirred if practicable. The molten mass is poured on an 
iron plate from which it separates cleanly on cooling. Leaching the melt 
with cold water dissolves some iridium in the form of a sodium salt but 
leaves most of it as an insoluble oxide or possibly a sodium salt. Nearly 
all of the osmium and most of the ruthenium present will be in the alkaline 
solution but much ruthenium remains with the iridium, as do also the 
other platinum metals in whole or in part, and base metals such as iron, 
nickel, etc. Much of the ruthenium remaining with the iridium may 
be removed by treating the residue with sodium hypochlorite solution. 
The latter is prepared by saturating a cold 20 per cent, solution of 
sodium hydroxide with chlorine. This solution is mixed with a smaller 
amount of sodium hydroxide, say one-fifth its volume, in order to prevent 
the oxidation of ruthenium to the volatile ruthenium tetroxide. Fresh 
portions of sodium hypochlorite are added until the washings are nearly 
colorless. Oxygen is generated freely during this treatment of 
the precipitate. 

The residue is digested with hydrochloric acid on the steam bath for 
several hours and the resulting solution of iridium chloride decanted. 
A fresh portion of hydrochloric acid is added to insure extracting all of 
the soluble iridium compounds. The unattacked residue from this 
treatment is subjected to further alkali fusions or, if rhodium is pre- 
dominant, it is mixed with sodium chloride and heated in a current of 
chlorine as described in the section on rhodium. 

The repeated precipitation of ammonium chloroiridate is a suitable 
method for freeing iridium from most of the impurities it may contain, 
the notable exceptions being platinum and ruthenium. The chief 
disadvantage of this scheme is the trouble involved in redissolving the 
iridium salt. This can be done by suspending it in hot water and saturat- 
ing with sulfur dioxide. The iridium salt is rather easily dissolved 
because of its reduction to soluble compounds of trivalent iridium. This 
method of solution has the further advantage of precipitating much of 
the rhodium, if more than small amounts are present, as a slightly soluble 
double sulfite. The resulting solution, filtered from any precipitate, is 
evaporated with an excess of hydrochloric acid to decompose the sulfite 
compounds. The residue is taken up with water and treated with 
chlorine or aqua regia, ammonium chloroiridate being precipitated. 
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Some ammonium chloride is added to the solution to replace any of this 
salt that has been destroyed and to decrease the solubility of the double 
salt. Ammonium chloroiridate can also be decomposed by prolonged 
heating with aqua regia or chlorine. This treatment may be more 
tedious than the use of sulfur dioxide but it results in the complete 
destruction of the ammonium radical and also tends to remove small 
amounts of osmium as the volatile tetroxide. 

For obvious reasons, platinum can not be eliminated by repeated 
precipitation of ammonium chloroiridate. Ruthenium persists with the 
iridium also, in spite of the greater solubility of its ammonium salt. 
Most of the ruthenium present with iridium can be removed by pouring 
the solution of the chlorides into an excess of sodium hydroxide, saturat- 
ing the resulting mixture with chlorine and distilling off ruthenium 
tetroxide. The details of this treatment are described under ruthenium. 
Repeating the distillation several times will produce iridium very nearly 
free from ruthenium but the strictly complete removal of the latter 
element is very difficult, if not impossible, by this method. 

The results obtained by another and simpler method for the removal 
of ruthenium have been very satisfactory but require additional con- 
firmation. A solution containing about 37 g. of iridium as chloride 
and 25 ml. of hydrochloric acid in 700 ml. was saturated with hydrogen 
sulfide at room temperature. It was set aside for about 60 hr., after 
which the solution was filtered off and treated further with hydrogen 
sulfide for several hours, the temperature being kept not far from the 
boiling point. The solujiion was set aside overnight and then filtered 
from the precipitated sulfides. The metals precipitated by the two 
treatments amounted to somewhat less than 15 per cent, of the total 
metal in the solution. Upon pouring the residual iridium solution, 
first reoxidized with chlorine, into an excess of sodium hydroxide solution 
and distilling with chlorine, no ruthenium was found in the distillate. 
The separation is based on the relative ease with which ruthenium is 
precipitated by hydrogen sulfide. 

The iridium thus freed of ruthenium was subsequently precipitated 
as ammonium chloroiridate and this salt ignited to iridium sponge. The 
sponge was mixed with about 12 times its weight of test lead and the 
mixture heated in an Acheson graphite crucible at about 1200° C. for 
12 hr. The resulting melt was cooled and treated with nitric acid to 
dissolve the excess of lead. The crystalline residue was digested with 
dilute aqua regia to dissolve any lead-platinum and lead-rhodium alloys 
that might be present. Neither platinum nor rhodium was positively 
detected in this solution. It is quite likely that most, if not all, of these 
metals was removed in the treatment with hydrogen sulfide. Speictro- 
graphic examination of the crystalline iridium gave no evidence of the 
presence of any of the other platinum metals or lead, but did show some 
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ii‘011 and silicon, presumably introduced from the graphite crucible. It 
should be stated that the spectrographic examination of iridium is not 
as satisfactory as it is for some of the other metals. The spectrum of 
iridium is complex and many of the sensitive lines of the other platinum 
metals are coincident with iridium lines unless great dispersion is used. 

Fusion of iridium sponge with lead should be very useful for the 
removal of platinum, palladium, and presumably rhodium, as these 
metals form with lead alloys which are soluble in aqua regia. Ruthenium 
and iron will combine with the iridium in this treatment. A disadvan- 
tage of this reaction is that it leaves the iridium in a crystalline condition, 
so that it is very diflGlcult to put into solution if it is to be further purified. 

Work has recently been resumed on the elimination of ruthenium and 
platinum from iridium. It is hoped that it will be possible to devise a 
method for the complete separation of platinum by wet methods, thus 
obviating the fusion with lead with its attendant danger of introducing 
impurities from the crucible and its other disadvantages. Use is being 
made of methods of differential reduction, such as treatment with copper 
or mercury, which have been proposed by Aoyama^^ and by Karpov,^® 
respectively, for the separation of iridium and platinum for analytical 
purposes. This laboratory has found that solutions of titanous salts will 
precipitate rhodium and platinum completely in the presence of iridium, 
in confirmation of the work of Wada and Nakazono.^^ The experiments 
were on analytical samples, however, and the extension of such a method 
to the purification of comparatively large amounts of iridium has 
its difficulties. 

Ammonium chloroiridate can be ignited directly to metallic iridium. 
If done in air the sponge is partly oxidized. This is easily corrected by 
igniting and cooling the sponge in hydrogen. 

Ruthenium 

Ruthenium is one of the few metals forming volatile compounds which 
can be distilled from solution. Because of this property, ruthenium is 
rather easily separated from base metals and from the metals of the 
platinum group with the exception of osmium. Ruthenium and osmium 
are converted to tetroxides when alkaline solutions containing compounds 
of these metals are saturated with chlorine. Both of the tetroxides can 
be distilled from such solutions at or near the boiling point. The separa- 

S. T. Aoyama: Quantitative Separation of Platinum and Iridium. Jrd, Chem. 
Soc. Japan (1923) 44, 427; Chem, Ahs, (1923) 17, 3146. 

1® B. J. Karpov: New Method of Separating Platinum and Iridium. Ann. Inst. 
Platine No. 4 (1926) 360; Chem. Ahs. (1927) 21, 3168. 

1^ I. Wada and T. Nakazona: On a New Method of Separation of Iridium from 
Rhodium and Platinum and the Separation of Platinum and Rhodium. Sci. Papers, 
Inst. Phys. and Chem. Research, Japan (1923) 1, 130; Chem. Ahs. (1926) 20, 1040. 
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tion from osmium is facilitated because osmium can be removed as the 
volatile tetroxide by distillation with nitric acid. Ruthenium tctroxidc 
is not formed under these conditions. 

Ruthenium chloride which has been collected in the manner described 
in the section on general separations may be converted directly into an 
alkaline ruthenate solution by adding sodium hydroxide. If the metal 
has been separated as ammonium chlororuthenate the salt should be 
decomposed with aqua regia or with chlorine. The ammonia, which 
would be liberated by the addition of an alkaline solution to the salt, 
is likely to react with the chlorine used in the subsequent treatment, to 
form nitrogen chloride, which is spontaneously explosive. According to 
Howe and Mercer, metallic ruthenium can be put into solution directly 
by treatment with a strong solution of sodium hypochlorite containing 
some sodium hydroxide. Some difficulty has been experienced in this 
laboratory with this method of treatment, possibly because the metal 
was not very finely divided or because certain impurities were present. 
Ruthenium can be readily converted to soluble ruthenates by fusing the 
metal with three parts of sodium hydroxide and one part of sodium perox- 
ide at 600° to 700° C. in a suitable container. Silver is preferable for 
this purpose, but nickel or iron can be used if there is no objection 
to introducing considerable amounts of these metals. Leaching such a 
melt with water extracts most of the ruthenium as soluble sodium ruthen- 
ate, Na 2 Ru 04 . Some of the ruthenium, however, may remain in the 
residue, especially if other metals, such as iridium, are present. This 
residue may be dried and fused again in order to complete the solution of 
ruthenium, or extracted with a solution of sodium hypochlorite as 
described in the section on iridium. 

If osmium is present, which is almost invariably the case, the alkaline 
solution of ruthenium is first acidified with nitric acid, 5 to 10 per cent, 
by volume being added in excess, and distilled to effect the removal of 
practically all of the osmium as tetroxide. For this distillation the solu- 
tion is contained in a flask of suitable capacity provided with a glass 
stopper through which pass an inlet tube leading almost to the bottom of 
the flask, a delivery tube leading to the receiving flasks, and a funnel, 
provided with a stopcock, for the admission of nitric acid. The portion 
of the inlet tube immersed in the solution should be as wide as possible to 
obviate clogging by salts. The receiving flasks are preferably glass- 
stoppered also, and at least two or three should be used in a chain. 
After all the nitric acid has been added, the solution is heated and osmium 
tetroxide distilled as described in the section on general separations. 

After the distillation of osmium tetroxide is completed, the solution is 
cooled, made alkaline with sodium hydroxide and an excess of 20 to 30 

J. L. Howe and F. N. Mercer; Solubility of Ruthenium in Hypochlorite 
Solutions and an Attempt to Utilize the Reactions for the Quantitative Determina- 
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g. of sodium hydroxide per liter added. The cold solution is saturated 
with chlorine, after which the temperature is raised to 80 or 90° C. and 
the current of chlorine continued, but considerably diluted with air. At 
this temperature ruthenium tetroxide will distil quite rapidly. The 
receiving flasks contain hydrochloric acid diluted with four volumes of 
water and one volume of alcohol, except that no alcohol should be added 
to the first flask. Care should be taken that the delivery tube and the 
first receiver are not cooler than about 25° to 30° C. to prevent stopping 
up the delivery tube with crystals of ruthenium tetroxide. When the 
oily droplets of ruthenium tetroxide no longer appear in the delivery tube, 
the solution is boiled for a short time, continuing the current of chlorine 
mixed with air. After the distillation of ruthenium tetroxide seems to 
have stopped, more sodium hydroxide is added and the current of chlorine 
continued, whereupon ruthenium tetroxide again distils. This operation 
is repeated as long as significant amounts of ruthenium tetroxide appear 
to distil. Small amounts of ruthenium and other metals remaining in the 
distilling flask may be recovered, as described in the section on general 
separations. The contents of the receiving flasks contain quadrivalent 
ruthenium chloride in the solution containing no alcohol and mainly 
trivalcnt ruthenium chloride in the solutions containing alcohol. They 
are combined and evaporated to remove most of the excess of hydrochloric 
acid, after adding more alcohol if necessary. Some nitric acid is added to 
the residue and the solution again evaporated to dr 3 mess. This should be 
repeated two or three times to remove any small amounts of osmium. If 
the original solution has been distilled with nitric acid, the ruthenium 
solution is not likely to contain enough osmium to warrant its recovery. 
The residue from the evaporation with nitric acid is evaporated once 
with hydrochloric acid. The residue is then taken up with water and 
distilled with chlorine from alkaline solution as before. The second dis- 
tillation eliminates small amounts of iridium or other impurities which 
may have been carried over mechanically in the first distillation. The 
ruthenium solutions in the receiving flasks are again evaporated with 
nitric acid, to remove any remaining traces of osmium. Finally the 
residue is evaporated once with hydrochloric acid. It is now principally 
in the form of ruthenium nitrosochloride, KuNOCU, or the corresponding 
acid, HsRuNOCh. This compound forms a relatively insoluble double 
salt with ammonium chloride similar to the salts of the other platinum 
metals. The precipitation of the double chloride converts the ruthenium 
to a form that may be ignited directly to sponge and also eliminates any 
small amounts of base-metal impurities. If a second precipitation is 
desired, the salt is decomposed with aqua regia and the resulting solution 
evaporated to dryness. The residue is taken up in water, filtered from 
insoluble matter and reprecipitated with ammonium chloride from a 
small volume. Because of the somewhat greater solubility of the ruthe- 
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nium salt, it is better to use more concentrated solutions of ruthenium 
than can be used of the other platinum metals. The salt is filtered on a 
Buchner funnel and washed with a 20 per cent, solution of ammonium 
chloride or with alcohol. 

Ruthenium sponge oxidizes on heating in the air. To obtain metal 
free from superficial oxidation, the sponge is ignited and cooled in a cur- 
rent of hydrogen. The oxidation of ruthenium by ignition in air does not 
result in the formation of appreciable amounts of volatile ruthenium 
tetroxide except at high temperatures. When the sponge is melted in an 
oxyhydrogen flame, the characteristic odor of the tetroxide, somewhat 
similar to the odor of ozone, is easily detected. 

The ruthenium left in the filtrates from the precipitation with ammo- 
nium chloride can be recovered by evaporating to dryness, destroying 
the excess of ammonium chloride with nitric acid and finally igniting the 
entire residue in hydrogen. 

The removal of metals other than osmium during the process of puri- 
fication may be followed by examining the metals left in the solution in 
the distilling flask. The absence of significant amounts of osmium can 
be determined by distilling a portion of the ruthenium solution with 
nitric acid and receiving the distillate in sodium hydroxide solution con- 
taining a little alcohol. Even small amounts of osmium produce a 
violet-colored solution. Spectrographic examination of the purified metal 
is probably the best method for determining its purity. 

Osmium 

The distillation of osmium tetroxide from a solution strongly acidified 
with nitric acid affords a simple and direct way of separating osmium from 
the other platinum metals and in the absence of halogen acids from all 
other metals as well. In the fusion of crude osmium or osmiridium with 
sodium hydroxide and sodium peroxide, as described in the section on 
iridium, the solution obtained by leaching the melt with water contains 
osmium as sodium osmate, N’a 20 s 04 , and also contains ruthenium and 
small amounts of the other platinum metals. Certain base metals, such 
as tin, lead, and zinc, may also be present. The method of conducting 
the distillation is described in the section on general separations. 

Numerous methods have been proposed for the recovery of osmium 
from the alkaline osmate solution. Probably the best are to electrolyze 
the solution,^* causing osmium dioxide to precipitate at the cathode, or 
to exactly neutralize the solution with sulfuric acid. The latter reaction 
also causes the precipitation of hydrated osmium dioxide. The solution 

Moralat and C. Wischin; Bcitrage zur Kenntnis des Osmiums. Ztsch.f. 
anorg. Chem. (1893) 3, 153. 

0. Ruff and F. Bornemann: tlber das Osmium, soine analytische Bestimmung, 
seine Oxyde und seine Chloride. Ztsch /. anorg. Chem. (1910) 66, 429. 
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is digested on the steam bath for several hours to coagulate the precipi- 
tate and to convert it into a form which is not likely to deflagrate w^hen 
subsequently ignited. The precipitate of osmium dioxide is dried and 
reduced to metal in a current of hydrogen. Osmium metal thus prepared 
is practically free of platinum metals but may contain small amounts 
carried over mechanically from the distilling flask. The metal will also 
contain alkali compounds and small amounts of impurities such as iron 
and silica present in the sodium hydroxide solution. It can be further 
purified by burning it directly to osmium tetroxide in a current of oxygen. 
In preparing osmium for use in the determination of its atomic weight^ 
the metal was heated in boats in a hard glass tube in an electric furnace. 
Half of the combustion tube was bent downward at an angle of 45° and 
the end of the tube held in an open Erlenmeyer flask containing enough 
hydrochloric acid (sp. gr. 1.12) to seal the opening of the tube. The 
receiving flask was cooled with ice. When the temperature of the furnace 
reached 220° to 230° C. a vigorous reaction occurred, accompanied by a 
rapid absorption of oxygen and a progressive glowing of the metal. 
The product was a black powder of greater bulk than the metal, and was 
presumably the dioxide. At this stage it was necessary to supply oxygen 
rapidly to avoid a diminished pressure in the tube. After this reaction 
had subsided, the temperaiture was raised gradually, whereupon the 
material in the boats oxidized quietly to the tetroxide. The latter con- 
densed to a solid in the cool portion of the tube. When all of the metal 
was converted to the tetroxide the solid cake was transferred to the 
receiving flask by gently warming the tube until the mass loosened and 
dropped into the flask. A modification of this method, in which the 
hydrochloric acid is omitted and the receiving flask is cooled in a freezing 
mixture, may be used if osmium tetroxide is the desired product. 

The contents of the receiving flask were quickly transferred to a flask 
fitted with a reflux condenser, only ground-glass joints being used. To 
this flask hydrochloric acid (sp. gr. 1.12) and a little alcohol were added. 
The flask was warmed gently, and the temperature raised gradually to 
incipient boiling in about 3 hr. The osmium tetroxide was gradually 
reduced to quadrivalent osmium chloride, completion of the reaction 
being shown by the absence of droplets of osmium tetroxide condensing 
on the walls of the flask, the change of color of the solution to a clear, 
transparent red, and the absence of the characteristic odor of osmium 
tetroxide. The end of the reflux condenser was fitted with a trap con- 
taining a solution of sodium hydroxide and alcohol to catch the small 
amount of osmium tetroxide which passed the condenser. Twice the 

“E. Gilchrist: The Preparation of Pure Osmium and the Atomic Weight of 
Osmium. Dissertation, The Johns Hopkins University, 1922. Also E. Gilchrist: 
New Determination of the Atomic Weight of Osmium, briefly described in Jnl. Wash. 
Acad. Sci. (1923) 13, 46. 
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theoretical amount of hydrochloric acid required to form HaOsCle 
was used. 

A similar reaction was used for the preparation of bromoosmic acid, 
HaOsBre. When hydrobromic acid is used, alcohol is not needed but 
may be used to hasten the reduction of the tetroxidc. 

The solution containing chloroosmie acid was evaporated on the 
steam bath without loss of osmium. It was necessary to keep the solu- 
tion distinctly acid to prevent the precipitation of a basic compound, 
presumably the hydrated dioxide. From this solution the precipitation 
of ammonium chloroosmate hy the addition of ammonium chloride was 
analogous to the precipitation of the similar salts of the other metals. 
The salt is brick red in color and is relatively insoluble. The salt was 
ignited to metal in a current of hydrogen, a temperature of 600° to 700° C. 
being finally attained. The hot sponge was cooled in oxygen-free 
nitrogen. This metal, preserved in a stoppered bottle, did not for some 
days begin to emit the odor of osmium tetroxide. As is well known, 
finely divided osmium unites with oxygen to form the tetroxide even at 
ordinary temperature. Osmium allowed to cool in hydrogen glows when 
brought into contact with air, thereby causing some loss of osmium as 
the tetroxide. 

Further purification, if thought necessary, can be accomplished by 
repeating the cycle of operations just described, beginning with the 
sponge obtained by the ignition of the ammonium chloroosmate. 
Osmium remaining in the filtrates from the precipitation by ammonium 
chloride can be recovered by evaporating the solution to dryness and 
igniting the entire residue under hydrogen. 

In working with osmium, consideration must always be given to the 
danger of poisoning from osmium tetroxide. Even in minute quantities 
the vapors are very irritating to the mucous membranes. Prolonged 
exposure to small concentrations, as weU as brief contact with larger 
amounts, may cause serious and possibly permanent injury, especially 
to the eyes. The compound fortunately has a penetrating, readily 
recognizable odor, which serves as a warning. 
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DISCUSSION 

J. E. Harris, New York, N. Y, — We have made use of a method of separating 
the impurities from platinum collectively with marked success. At one time we used 
sodium bicarbonate and sodium h 3 "pobromite in our process and with these reagents 
ran into two difficulties: (1) the precipitate of impurities was colloidal and hard to 
filter, and (2) the use of sodium bicarbonate caused a precipitate of basic carbonate 
of platinum to come out with the impurities, thereby decreasing the yield. We have 
])ccn able to modify" the method so as to avoid the use of both the sodium bicarbonate 
and the oxidizing agent and with this modification have avoided the difficulties 
mentioned, I should like to ask Dr. Wichers whether he has met with similar troubles 
in his use of the bromate method. 

E. Wichers. — We had considerable difficulty at fimt with solutions that would not 
filter properly, but since we have followed the procedure just as it is outlined in the 
paper, we no longer have any trouble from that source. Ver\’ seldom, I should say, 
do WG have difficulty in getting precipitates that settle readily and filter well. 

The use of sodium hypobromite is interesting, because in effect it gives sodium 
bromate; in a hot solution, hypobromite goes over to bromate. It was through our 
use of h^’pobromite that we came to the conclusion that it was rcall^^ bromate that 
did the work and kept the platinum from reacting with the alkali. By adding bromate 
rather than hypobromite, we avoid the evolution of bromine fumes and all that 
unpleasant business. Apparently, if you take precautions to get the solution neutral 
to begin with, add the bromate and just enough bicarbonate to turn litmus, boil for 
2 or 3 min. and stop, you almost invariably get precipitates that settle well and offer 
no difficulty in filtering. That is time, at least, for the solutions we have handled, 
covering quite a range of impurities. I was acquainted, of course, with the method 
of your laboratory and reference is made to it in the paper. 

H. T. Reeve, New York, N. Y. — The authors state that ^ 'small amounts of gold 
cause a negative e.m.f.^' How much gold is necessary to give zero e.m.f. against 
pure platinum; also, does silver behave in the same way as gold? The other point I 
have in mind is the handling of small samples in such a way as to avoid any chance of 
getting calcium into platinum through melting on lime. Wc press up the sponge in 
the form of a cylinder of J^-in. dia. and stand this on a pressed disk of the same material. 
One end of the cylinder is melted with an oxyhydrogen torch, then it is turned over and 
the other side is finished. With a little care, this operation can be performed without 
welding the sample to the disk, and one can then be sure that the molting operation 
has not introduced any except gaseous impurities. 

F. E. Carter, Newark, N. J. — Certainly Mr. Wichers and his associates are to 
be congratulated in covering a tremendous amount of work in a reasonably short 
paper, for a great deal of information is given. One is struck particularly by the 
need of attacking differently each step in a purification, depending on what has been 
found up to that step. It is rather disconcerting to study the large number of opera- 
tions necessary and the skill that is obviously put into them and then read on the 
opening page: "It is hoped that this paper will show that any of the metals can be 
prepared in any desired degree of purity by relatively simple straightforward chemical 
methods.’^ In my paper, I say, "The preparation of the pure platinum metals 
from the commercial grades constitutes one of the most difficult problems of 
inorganic chemistry." There must be some reason, in my belief, for the divergence 
in those statements. I think refiners are justified in saying that it is a difficult 

F. E. Carter: The Platinum Metals and Their Alloys. Proc. Inst. Met. Div. 
(1928) 761. 
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problem. Possibly it is due to the fact that on the small scale that Dr. Wiclicrs and 
his associates have been working, they do not encounter the troubles that we have 
when dealing with many kilograms at one time. That is the only point I would like 
to make here, and Dr. Wichers has covered that, for he simply said that experience 
has shown that these methods work; whether they work for the larger quantities 
must be left open. 

I wmuld like to ask Dr. Wichers what he means by reasonable time for purification. 
The authors say that it brings the time required for purification of any of the metals 
wdthin reasonable limits. Supposing one had 100 oz. to refine, what would bo con- 
sidered a reasonable time for getting one of the metals in the really pure state? 

On page 615, in getting the purity of the platinum wire, testing against standard, 
the authors say that both elements are completely annealed by momentarily heating 
them to 1000° or 1200° C. There is a difference in electromotive force whether heat is 
applied momentarily or whether it is prolonged. The Bureau of Standards, I believe, 
in making tests of thermocouples that are sent for standardization, anneal electrically 
for 5 or 6 hr. at a temperature of about 1500°, and we find that this makes quite a 
difference in the electromotive force. Do you test the purity of palladium, say, 
against a standard palladium as you do the platinum? I do not know that I have 
ever seen that stated. 

Quoting from page 622: “Ammonium rhodium chloride may be ignited directly 
to metal, as in the case of the other similar salts. Unless this is done in hydrogen, 
the metal will be partly oxidized.^' I do npt know whether rhodium oxidizes under 
those conditions or not. Will you enlarge on that somewhat? 

E, Wichers. — The simple methods and the reasonable time — ^that is, of course, a 
little hard to define. Our purpose in making the statement was to encourage those 
to whom work on platinum metals might seem entirely shrouded in mystery. There is 
a good deal of that attitude on the part of chemists, due largely to absence of much 
literature on the subject. After all, while the methods may take a little time, they 
involve no trick apparatus, no unusual reagents and no very unusual reactions; they 
are simply recrystaUizations of compounds. 

As to the length of time, it depends, of course, on the metal and also on one's 
experience and the degree of purity desired. I believe that purification of platinum 
from commercial platinum, say 99 per cent., to thermoelement platinum by the use 
of this collective precipitation of impurities, followed by one precipitation of 
ammonium chloroplatinate can be accomplished within three days, three shifts of 7 
or 8 hr. Whether that seems long or not depends a good deal, of course, upon the 
point of view. That is an estimate, more or less a guess, based on our own experience. 
Doing this with 100 oz., of course, depends on the use of suitable equipment. 

As to complete annealing, that point is a little misleading. What is meant is 
that the sample is annealed sufficiently for the purposes of the thermoelectric test. 
As to the effect of heating for 5 or 6 hr., I am not sure all of that is annealing. I 
believe there are possibly internal changes of composition occurring in the platinum, 
depending on the gases or small traces of impurities from the refractories present. 
I would also say that momentary or flash heating is probably not total annealing. 

As to the thermoelectric test for palladium, we have used it and it follows very 
much along the line of platinum. With palladium as with platinum, you start with 
an arbitrary standard; there are no fixed values, simply relative values, against some 
standard which you may select. There are some difficulties with palladium which 
are not met with platinum but for purposes of refining, control by this test is equally 
applicable to palladium. 

As to the oxidation of rhodium sponge in the air, we have found that that does 
take place. A case in point, although not bearing exactly on this, is that if rhodium 
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sulfide is ignited in air it is converted to oxide, the composition being close to RhgOs. 
If the oxide did not form in heating the sponge, oxide formed by ignition of the sulfide 
would also dissociate, w'ould it not, Dr. Carter? 

In reply to Mr. Rceve^s question about the platinum-gold alloy: We have not 
determined what percentage of gold in platinum yields an alloy that is thermoelectric- 
ally neutral to platinum. An alloy containing 0.25 per cent, of gold gave a negative 
electromotive force of 135 microvolts to our purest platinum at 1200° C. We do not 
know what the effect is of small quantities of silver in pure platinum. 

T. A. Weight, New York, N. Y. — This paper interests me in that it deals with 
analysis, purification and recovery. Those three headings coincide in many places 
and are quite different in others. There is one point I wish to confirm and that is 
the idea of getting real purity on the ammonium chloride precipitation of the platinum. 
We have found, as far as palladium is concerned, that it took seven precipitations and 
reprecipitations before we could get no reaction for palladium by an analytical method. 
I should like to know if others have had that trouble. 

Furtheimore, we have had reason to believe that with the gold or the lead alloy 
method that is mentioned, and which is treated extensively in a paper issued by the 
Bureau of Standards, and also in a Japanese paper — i.e., the separation by the 
lead alloy method — ^the solubility of rhodium depends a good deal on the ratio of the 
gold, rhodium and lead. I would like to get some corroboration on that. 

In regard to the silver chloride mentioned, there is a tendency for the silver 
chloride to carry down palladium and that brings up another interesting point on the 
lead button. It has been found that when you dissolve the lead button in nitric acid 
it is desirable to get rid of the bulk of the lead with sulfuric acid and that this mass or 
precipitate of lead sulfate does not seem to carry any appreciable amounts of precious 
metals, but when we afterwards may fume that solution down to remove the remainder 
of the lead, the lead sulfate residue does carry precious metal with it. I think that 
Dr. Wichers has looked at this more from the standpoint of purification and possibly 
the quantitative feature was not so important in those operations as was quality. In 
the analyses you must try for both. I do not know which we worry most about, 
getting too high or too low results. Lead is a bugbear with us when the lead method is 
used. It seems to carry through especially into the platinum. 

I noticed that the authors used nitric acid in the osmium recovery. We have used 
chlorine instead and have a battery of flasks, all with ground-glass joints. We had 
trouble for a while with leakage, but we stopped the leakage, and did not get any 
organic compound to give us trouble with the chlorine, by just borrowing a little 
talcum powder from one of the stenographers. It made a very tight joint on the 
ground-glass tube. 

Relative to ruthenium, I judge the authors did not get into much trouble with 
volatile compounds. We have always worried more or less about that in washing 
with hypochlorite solution. I think seven years ago we left some of that overnight 
with a j^ter paper on top of it and it was black the next morning, or almost black, 
acting very similar to osmium in that respect. 

E. WiCHEES. — In our opinion, the methods suggested here for purification are 
largely not applicable to analysis. There are two distinct objectives and the same 
methods are not suitable for both. As to the effect of sodium hypochlorite on 
ruthenium, volatilization of ruthenium tetroxide will occur if the alkaline solution is 
saturated with chlorine. If you have a little excess sodium hydroxide present, the 

R. Gilchrist : Determination of Iridium in Platinum Alloys by the Method of 
Fusion with Lead. U. S. Bur. of Standards Spec. Pub. 483 (1924). 

2’S. Aoyama: Op. dt. 
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ruthenium is oxidized to perruthentite but not to the tcLroxide. T]}ci*e is no loss. 
That was pointed out ])y Professor Howe and his associates-- in a paper about two 
years ago. 

E. L. Jorgensen, Irvington, N. J. — Even though the same methods may not bo 
generally applicable to both analysis and purification of the platinum metals, I was 
glad to hear the analytical side of the question introduced. I believe that the idea 
does exist that the methods used for the two purposes are similar. There is groat 
reluctance in publishing refining methods and anab^ticjal methods are classified with 
them. There also may be the unfortunate tendency on the part of individuals to 
retain experiences as personal knowledge. The analytical methods used today are 
very far from giving commercially satisfactory agreements between different assayers. 
Lack of publicity is greatly to blame for this. I welcome this paper and tliis discus- 
sion as an entering w’edge for more publicity of idling knowledge to the benefit of all. 

T. A. Wright. — Mr. Wichers, has it been your experience, when evaporating 
chloride solutions for the removal of nitric acid, and gold-platinum is present, that 
often on such evaporation free gold separates out? We have found it so on a rmml)cr 
of occasions, but never when there was considerable copper in solution. 

E. WTchers. — We have no observation on it. Certainly, gold is very sensitive 
to reduction by organic matter or even by excessive heating, as by baking on the 
steam bath. 

T. A. Wright. — I had never seen that mentioned in the literature at all. If tlie 
platinum is to be precipitated in the presence of the gold, as is sometimes done, this 
tendency for the gold to separate is of importance. I do not know that copper in such 
amounts as we have found to inhibit the precipitation of the gold is occluded very 
much by the ammonium chloride precipitate, although that is only used for a finer 
precipitation. 


22 J. L. Howe and F. N. Mercer: Op, cit. 



Refining and Melting Some Platinnm Metals 

By J. 0. "Whiteley* and C. Dietz,* York, Pa. 

(New York Meeting, February, 192SD 

It is difficult to give a refining outline that may be followed for any 
and all combinations of the platinum metals; different combinations 
require different methods of attack. This paper does not pretend to 
go into all of the reactions of the metals of the platinum group, but will 
outline the commercial refining of platinum scrap. 

Typical Platinum Scrap 

As a concrete case, let us take 100 oz. of miscellaneous scrap, made 
up of jewelry scrap, dental scrap and laboratory ware. This lot will 
contain some platinum, palladium, iridium, ruthenium, rhodium, gold, 
silver and copper. 

The first problem is to get all of the metals in solution. If the scrap 
is principally platinum, palladium and gold, a treatment with aqua regia 
is the course to pursue; but if the scrap contains alloys high in iridium or 
ruthenium, aqua regia will act too slowly. In the case in hand, we are 
going to presume that we have scrap high in iridium and ruthenium, and 
proceed accordingly. 


Obtaining Residue A 

Place the scrap, together with six times its weight of granulated test 
lead, in a solid carbon crucible. This crucible may be placed inside a 
clay graphite crucible packed with charcoal, to prevent the excessive 
oxidation of the carbon crucible by the furnace blast. Place a tight 
cover on the carbon crucible; heat gradually to a good red heat and 
allow it to soak in the heat for 4 or 5 hr. After the leaded mass is cool, 
dissolve in dilute nitric acid (1-6) on a steam plate or sand bath. This 
dissolves practically all of the lead and most of the palladium, silver 
and copper, together with some of the platinum and rhodium, and leaves 
the iridium, ruthenium, gold, and most of the rhodium and platinum as a 
finely divided residue. Siphon off the clear solution and treat the residue 
with another portion of dilute nitric acid to insure the solution of the 
lead and copper. The second nitric acid solution is added to the first, 
and the residue is filtered on suction and washed thoroughly with hot 

* Chemists at the York, Pa.,' plant of the Laboratory of the Dentists’ Supply Co. of 
New York. 
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water. This is Residue A, and contains gold, iridium, ruthenium, 
platinum, rhodium, and some palladium. 

It is very important to get the iridium, ruthenium and rhodium into a 
finely divided condition in order to effect their dissolution and purification 
by the method which will be outlined later. The lead fusion and nitric 
acid parting serve to accomplish this division. 

Treatment Leading to Residue B 

Add sulfuric acid to the filtrate from the lead parting to precipitate 
the lead; filter and wash with cold dilute sulfuric, discarding lead sulfate. 
Treat filtrate from the lead sulfate precipitate with hydrochloric acid, to 
precipitate the bulk of the silver. Filter off silver chloride. The filtrate 
will contain palladium and copper, and small amounts of platinum and 
rhodium which may have gone into solution in the dilute nitric acid 
treatment. To avoid the tedious evaporation often resorted to in 
reclaiming these metals from a bulky filtrate, add ammonium chloride 
salt in generous amount and saturate the solution with chlorine gas. 
This will precipitate all of the platinum and palladium as double ammo- 
nium chlorides, which can be filtered off and washed with cold ammonium 
chloride solution, and finally with alcohol, dried and burned to sponge. 
This sponge is added to Residue A, 

The filtrate, which contains rhodium and copper, is cemented for 
several days with copper sheets. This cements out the rhodium, 
which is filtered off and set aside for further treatment. Call this 
rhodium black. 

An optional method for handling the nitric acid solution from the 
lead parting is to cement immediately on copper sheets. This cements 
out silver, palladium, platinum and rhodium, and leaves copper and 
lead in solution. These cements are filtered off and added to residue A. 
The advantage of this optional method is to avoid the filtering and wash- 
ing of a very bulky lead sulfate precipitate. On the other hand, this 
cementation must be continued for several days to be complete. 

Residue A is dissolved in a mixture of three parts hydrochloric, one 
part nitric, one part sulfuric and two parts water. (The reason for the 
inclusion of sulfuric acid in this mixture will appear later.) The dis- 
solution is carried out in large cylindrical crocks made of Pyrex glass or 
of porcelain. The crocks should have close-fitting covers, to retard the 
loss of nitrous oxide and chlorine. Treatment is best carried out on a 
steam plate; heating to boiling unnecessarily expels the active chlorine. 
After action has ceased, allow the solution to settle and siphon the 
clear solution into large porcelain basins. If sufficient acid has been 
used, a second acid treatment of the residue is unnecessary. The residue 
is filtered off and washed with hot water. It contains almost all of the 



J. O. WHITELEY AND C. DIETZ 


637 


iridium and ruthenium, and some of the rhodium, but practically no 
platinum, palladium and gold. This residue is dried on a steam plate, 
and brushed from the filter paper. The paper is incinerated at a low 
heat, and added to the brushed off residue. This is Residue B. 

Extracting the Gold 

The aqua regia solution, obtained above, contains platinum, pal- 
ladium, gold, rhodium, and small amounts of iridium and ruthenium. 
This solution is evaporated on sand baths to expel nitric acid. The 
presence of sulfuric acid in the solution serves to expel nitric acid in one 
evaporation and keeps the solution from evaporating to a dry salt, which 
might cake hard and crack the basins. It converts any lead that may 
be present to lead sulfate. After this solution has evaporated to a 
sirupy consistency, it is cooled and the salt is dissolved in a generous 
quantity of cold dilute hydrochloric acid (1-10). The solutions are then 
heated to boiling to dissolve the last traces of salt. The solutions are 
transferred to a large crock and allowed to settle until clear; settling 
overnight is good practice. The clear solution is siphoned into another 
crock, the residue is filtered off and the filtrate added to the clear solution 
in the crock. The residue will contain silver chloride, lead sulfate and 
some baked-out gold. 

The baked-out gold may be quickly extracted by treating the residue 
with concentrated hydrochloric acid and careful additions of dilute 
sodium chlorate solution. Stir vigorously while adding the sodium 
chlorate solution, in order to avoid explosions. After the gold has dis- 
solved, the solution should be filtered and the filtrate added to the main 
solution in the crock. The main solution is now saturated with sulfur 
dioxide gas, which precipitates all the gold as finely divided metallic 
gold. The gold is filtered off and leached thoroughly with hot hydro- 
chloric acid, to dissolve occluded platinum metals. This leach is added 
to the filtrate. The gold is then washed successively with hot water, 
aqua ammonia, and again hot water. These washings are discarded; 
the gold is dried and melted. 

Obtaining Platinum Sponge 

The filtrate from the gold precipitation contains platinum, palladium, 
rhodium, and some iridium. It is thoroughly saturated for several 
hours with chlorine gas to counteract the reducing action of the sulfur 
dioxide treatment and to oxidize the platinum metals in the solution to 
their highest valency. The solution is now put into basins and evapo- 
rated to smaller volume, or until there is no perceptible odor of chlorine 
gas but there is a strong odor of hydrochloric acid. A small quantity 
of alcohol is stirred into the hot solution; this serves to reduce the chlorides 
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of iridium and palladium to a lower valency and to hold them in solution 
while the platinum is -being precipitated. Precipitate the platinum from 
a hot solution with hot concentrated ammonium chloride solution. 
Using both solutions hot will give an immediate crystalline precipitation 
of orange-colored platinum ammonium chloride, which is easy to filter 
and wash. (The color of the platinum ammonium chloride salt varies 
from light yellow to orange according to the heat of the reacting solu- 
tions.) Filter off the platinum ammonium chloride on suction filters, 
wash with half and half cold water and ammonium chloride solution, 
and finally wash with alcohol, dry and burn. A slow, careful burning 
of the platinum salt is necessary, to prevent loss of platinum as the 
ammonium chloride sublimes off. Burning under a cover, with the 
introduction of hydrogen, will aid in avoiding the loss of platinum. This 
gives a quite pure platinum sponge, but if higher purity is desired, a 
second crystallization of the platinum may be made.. 

We might say, at this point, that all of these ammonium chloride 
precipitations of the platinum metals are somewhat fractional. The 
precipitated metal always contains small amounts of the other platinum 
metals, and requires a second crystallization if high purity is desired; 
and secondly, all of the filtrates contain traces of the metal being precipi- 
tated, and must be worked for recoveries. 

Besidue C 

The filtrate from the platinum ammonium chloride precipitation is 
reoxidized by saturating with chlorine gas, and a little more ammonium 
chloride salt is added. This precipitates all of the palladium and 
iridium, and any platinum which did not previously precipitate, as a 
red double ammonium chloride salt, and leaves whatever rhodium is 
present in the filtrate. This filtrate is cemented on zinc and the cement 
is added to Residue B. The precipitated salt is filtered on suction, and 
washed with a saturated solution of ammonium chloride. It is then 
washed into a suitable vessel, using a wash bottle and water, and is 
treated with an excess of concentrated aqua ammonia; no heat is used in 
this treatment. The aqua ammonia dissolves palladic ammonium 
chloride to a colorless solution. The undissolved residue contains any 
platinum and iridium which may be present, together with traces of 
occluded palladium and base-metal hydroxides. This residue is filtered 
off and burned, and is called Residue C. 

Peecipitating Palladium 

The ammoniacal palladium solution is diluted by twice its volume of 
cold water; hydrochloric acid is added to precipitate the yellow salt of 
palladosamine chloride. This is filtered on suction, washed with cold 
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dilute hydrochloric acid, and finally with alcohol, dried and burned under 
hydrogen to palladium sponge. The filtrate from the palladium precipi- 
tate is again chlorinated, any salt separating out is filtered off and the 
filtrate finally cemented with zinc. This cement is added to Residue C 
and reworked. 

A suggested method for reworking cement together with Residue C, 
which should carry only small amounts of platinum, palladium and 
iridium, is as follows: Burn, dissolve in dilute aqua regia, filter off the 
residue, which is iridium. Add this residue to Residue B. The filtrate 
is evaporated to dryness, taken up in dilute nitric acid and all the pal- 
ladium present precipitated in hot solution with mercuric cyanide. 
The white palladium cyanide is filtered off, washed with hot dilute nitric 
acid, and burned to palladium sponge. The filtrate from the palladium 
cyanide precipitate is evaporated three times with hydrochloric acid, 
and the platinum precipitated with ammonium chloride solution, filtered 
off and burned to platinum sponge. The filtrate from this platinum 
precipitation, which may contain iridium, and possibly rhodium, is 
treated, while hot, with hydrogen sulfide gas; the sulfide precipitation 
is filtered off, burned and added to Residue B. 

Reworking Residue B 

Residue B and rhodium black are combined; this combination con- 
tains the iridium, ruthenium and rhodium, and traces of other metals. 
It is intimately mixed with its own weight of sodium nitrate and 10 
times its weight of sodium peroxide. This mixture is fused in an iron 
pot; the fusion should be carried on quietly for several hours, stirred 
with an iron ro'd, and finally poured on to an iron plate. The cooled 
mass is treated with water and the solution, together with the suspended 
oxides, is transferred to a glass retort of convenient size; chlorine gas is 
bubbled through the cold solution in the retort for about one-half hour, 
then, while the chlorine is continued, heat is gradually applied to the 
retort. The ruthenium will distill off as a volatile oxide, and is collected 
in a series of three Wolff bottles containing concentrated hydrochloric 
acid. Care must be taken that the solution in the retort remains alkaline ; 
otherwise the ruthenium will be precipitated in the retort from an acid 
hypochlorite solution, and therefore will not entirely distill off as it 
should. The ruthenium chloride solutions from the Wolff bottles are 
united and evaporated to small volume; ammonium chloride salt is 
added and chlorine gas run in until ruthenium ammonium chloride salt 
is precipitated. This salt is filtered off and washed with alcohol; dried 
and burned, under hydrogen, to prevent formation of volatile ruthenium 
oxides. (Freshly precipitated ruthenium sponge is soluble in sodium 
hypochlorite solution, if the sodium hypochlorite solution is kept alkaline 
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by the addition of sodium hydroxide.) The solution and residue remain- 
ing in the retort are decanted into a basin and boiled with a slight addition 
of alcohol. This precipitates the iridium and rhodium, and leaves the 
platinum in the filtrate. The platinum may be recovered by making 
the filtrate acid with hydrochloric, and cementing on zinc and reworking 
in the usual manner. 

The iridium and rhodium are filtered off and washed with dilute 
hypochlorite solution; the filter paper and contents are transferred to 
a beaker and boiled with concentrated hydrochloric acid. This dis- 
solves the iridium and rhodium. The solution is diluted and the filter 
paper residue is filtered off and discarded. There should be no metallic 
residue. If there is, another caustic fusion is indicated. Concentrate 
the iridium-rhodium solution to small volume, add ammonium chloride 
salt, saturate with chlorine gas and filter off the iridium ammonium 
chloride which is precipitated. Wash with a saturated solution of 
ammonium chloride. To free the iridium salt from traces of occluded 
rhodium, dissolve the salt in hot water, concentrate and reprecipitate 
iridium with ammonium chloride and chlorine gas, filter and wash with 
ammonium chloride, and finally with alcohol. This salt should be 
dried carefully and burned to iridium sponge, and finally burned at a 
high temper,ature and reduced under hydrogen. 

The filtrate contains rhodium. It is cemented on zinc or copper; 
the cement is dried, not burned, and the paper only incinerated. The 
rhodium cement is fused with sodium acid sulfate. This fusion dissolves 
the rhodium and leaves any platinum and iridium undissolved. The 
fusion is taken up in very dilute sulfuric acid, and rhodium is recemented 
on zinc. 


Suggestions fob Refining 

1. As previously stated, the order of procedure may be varied accord- 
ing to the composition of the alloy in hand. For instance, with an alloy 
high in palladium, we recommend the separation of palladium previous 
to the separation of platinum. 

2. In all cases where gold is present, we recommend the removal of 
gold first, to avoid its inclusion in the precipitations of the platinum 
metals. The precipitation of gold with sulfur dioxide gas is quantitative, 
and yields gold of very high purity. The presence of free hydrochloric 
and sulfuric acids in the solution during the gold precipitation serves to 
prevent precipitation of platinum and base metals with the gold. 

3. Solutions from which precious metals have been extracted should 
not be thrown away without a very careful test for platinum metals, as 
solutions that are in a reduced condition, especially amine solutions, do 
not react to the usual tests for the presence of platinum metals. Oxida- 
tion with chlorine gas, followed by cementation on zinc, may be resorted 
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to; or saturation with hydrogen sulfide gas; or, best of all, a sample of 
the solution may be evaporated to dryness, the evaporated salt carefully 
burned and the residue extracted with aqua regia and tested. 

4. Chlorine gas will prove a valuable reagent in platinum refining. 
Its rapid oxidation of metals in solution, and its use in conjunction with 
ammonium chloride to obtain complete precipitation of the platinum 
metals, are of prime importance. 


Melting and Working Platinum Metals 

Platinum metals are commercially melted by means of the oxyhydro- 
gen torch. The size of the torch should be suited to the amount of the 
metal to be melted. If much melting is to be done, the torch should be 
fitted with a platinum-iridium tip to prevent base metals from dropping 
into the melt. Either oxygen and hydrogen, or oxygen and city gas are 
suitable fuels for this purpose. If city gas is used for large melts, it is 
advisable to put the gas under pressure by means of a gas booster. 
Some melting is being done in the electric induction furnace, but the bulk 
of the melting has been with the torch. 

Crucible 

The crucible and cover are made of dry, high-burned lime. A good 
method of preparing the lime block is to granulate dry lime and press it 
into a cylindrical block, by means of a hydraulic press, using a pressure 
of about 150 tons to the square inch. After removal from the press, the 
lime block is fitted into a light sheet-iron casing, which offers a means of 
holding the block and of fastening it to the pouring stand. The block 
is then cut out to form a wide, shallow crucible. A similar lime block 
is pressed for the cover. This is out out to form an arched roof, and has 
a hole in the middle of the top for the introduction of the melting torch, 
and suitable rim vents for the passage of spent gases. 

Up to 400 oz. of platinum may be melted at one time in a lime crucible 
cut from a lime block 9 in. in diameter and 5 in. high, outside dimensions. 

For the purpose of pressing this block, a steel plunger and cylindrical 
steel mold with walls 1 in. thick are used. The cylinder is split vertically 
into halves, and made slightly elliptical at the parting lines, to facilitate 
its removal from the lime block. 

The lime block should be used immediately, or it will absorb moisture 
and crack upon the application of heat. 

Crucibles made from zirconium oxide are successfully used for 
platinum melts, but are not as beneficial to the platinum as lime crucibles. 
Melting in lime has a purifying effect on platinum, for the lime acts as 
a cupel and tends to absorb small base-metal impurities. In cleaning 

vou. 76.— 41. 
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up after a melt, the hme may be dissolved away in hydrochloric acid. 
On the other hand, a zirconia crucible does not absorb moisture as lime 
does, and may be used repeatedly from day to day, but it does not have 
the cupelling action of lime and is more difficult to dissolve away. 

It is not advisable to melt platinum in ordinary clay, graphite or 
silica crucibles, because the melted platinum is likely to take up carbon 
or silicon from the crucible wall and to become brittle. 

Melting Procedure 

Before the introduction of the metal, the lime crucible should be 
thoroughly preheated with the torch flame to drive the occluded gases 
out of the lime. If this preheating is not done, and platinum is melted 
in the raw crucible, the molten metal will spit considerably in the crucible, 
on account of gases released from the lime which bubble up through the 
metal. For this reason, the second melting in a lime crucible is generally 
quieter than the first. 

After the crucible is properly preheated, the cover is raised and the 
metal introduced. The torch flame is applied through the cover and the 
flame regulated to carry a slight excess of oxygen. An oxidizing flame is 
necessary, to keep the platinum from absorbing calcium and also to give a 
solid casting, free from gas porosity. 

The melt may be stirred with a solid carbon rod, for, due to the 
oxidizing flame, the melt does not take up any carbon. Chemically 
pure platinum may be melted and stirred in this fashion. 

The metal should be quiet before it is poured. A little experience in 
melting platinum will indicate the proper pouring condition. A well 
poured ingot will show a down pipe at the top. If there are blowholes in 
the ingot, a remelting is indicated; in fact, one or more remeltings can 
do no harm. 


Ingot Molds 

Melted platinum may be poured into ingot molds made of hard 
carbon (Acheson graphite slabs, which are machined in halves and 
clamped together). For wire bars, an ingot 1 in. square by 12 in. long is 
a convenient size. For plate bars, a- flatter ingot is poured. If the 
ingot mold is given a slight taper, an ingot may be removed by simply 
inverting the mold. 

In this fashion may be melted pure platinum, pure palladium, and 
alloys of platinum and iridium; platinum and rhodium; platinum, pal- 
ladium and gold; palladium and gold, etc. On the other hand, platinum 
alloys high in ruthenium or osmium might better be melted in an electric 
induction furnace, due to the tendency of ruthenium and osmium to 
volatilize in an oxidizing atmosphere, and ako due to the tendency of 
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these alloys to absorb gases from the torch flame, which arc difficult to 
expel and which make it difficult to get a sound casting. 

Wot'hing 

The wire bar ingot is heated to a white heat (1200° to 1300° C.) and ■ 
hot forged under a power hammer. This hot forging tends to compact 
the metal, close up minute porousness, and to work out the pipe. After 
forging, the bar is cold rolled and swaged, or drawn to finished size. 
For drawing through steel dies, platinum may be lubricated by passing 
it through a box fiUed with dry powdered soap. For drawing through 
diamond dies, castor oil or other suitable wet lubricants may be used. 

Flat ingots intended for plate are generally given a light cut in a 
planer, to remove surface imperfections, and then cold rolled to plate or 
sheet. A preliminary hot forging of plate ingots can do no harm. 

If blisters show up in the plate stock, on annealing, a remolt 
is indicated. 


Annealing 

Platinum and platinum alloys should be annealed at suitable intervals 
during the working. The annealing may be done in a muffle furnace 
with an oxidizing atmosphere; that is, a free access of air. The metal 
should not be allowed to come in contact with the open flame, particularly 
if it is a reducing flame, for some of the alloys have a tendency to pickup 
contamination from the flame, which causes crystalline fractures. 

DISCUSSION 

E. WiCHKiis, Wasliington, D. C. — Reference is made to the sharpness of separation 
of iridium and platinum in the lead fusion. Ordinarily that is very sharp indeed if the 
lead is pure, but we have found that the presence of small amounts of zinc in the whole 
mixture will cause appreciable amounts of iridium to go into solution. 

G. F. Ktmz, New York, N. Y. — Do you not have great difficulty with the lead 
anyway, and also the copper? If the copper is electrolytic, the alloys, I think, are 
much better than if commercial copper is alloyed. But lead seems to be a very 
difficult thing to handle and it does carry traces of different metals. 

E. WiCHERS. — In this case I do not think it is so much a question of zinc in the 
lead as that zinc may be in the platinum sponge. Frequently the metals are thrown 
out of solution by means of zinc. If this sponge is then separated by a lead fusion 
enough zinc is retained to cause serious trouble. 



Sampling and Evaluating Secondary Non-ferrous Metals 

By T. a. Wright,* New York, N. Y. 

(New York Meeting, February, 1928) 

The sampling of waste materials containing copper, lead and tin has 
taken on a new significance within recent years, and is of increasing 
importance, on account of the entry of some of the copper refineries into 
this field and the tendency towards consolidations among the smelters. 
In the past, such material was sold on the basis either of a rough or grab 
sample or of casual inspection of the lot. 

The two principal sources of this waste are the processes of fabrica- 
tion and the scrapping of automobile, electrical, plumbing, railroad and 
other equipment. In both cases much material can be sorted, salvaged 
and sold by classification and grade to be melted ^'as is'' or with the 
addition of new or virgin metal. The increasing care in classifying 
exercised in the large manufacturing plants tends to increase the propor- 
tion of this usable scrap; on the contrary, the increasing use of more 
complex and special non-ferrous alloys tends to make sorting and grading 
more difficult in turnings, borings, clippings, etc., and consequently is 
making sampling of more moment. 

In tin, lead, aluminum, and zinc furnace by-products such as ashes, 
drosses, skimmings, etc., the trade practice of evaluation has not varied 
much. For instance, tin drosses, battery lead, and aluminum skimmings 
are ordinarily sold on what is called metallic button’’ or ‘‘metallic 
recovery” or “metallic yield.” Copper and lead waste, however, is 
being sold more and more on actual copper and lead contents based on 
sample and chemical analyses. 

This paper will be devoted chiefly to the sampling of materials suitable 
only for refining and recovery of one or more of the metals present. 
The methods described are often based on the fact that but one metal, 
such as copper, is to be paid for. The loss of volatile constituents in 
melting does not appreciably affect the final copper result, as the “after- 
melting” assay can be readily calculated to the “before-melting” basis, 
but if smelter efficiency continues to increase, so that in time zinc, for 
instance, may be recovered on a paying basis, the method of sampling 
dirty brass, for example, will have to be changed also. 

As a matter of fact, we may expect that improved refining processes 
will make possible the partial recovery of lead and tin which are now lost. 


* Secretary, Lucius Pitkin, Inc. 
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General Principles op Sampling Scrap 

Mathematics enters very little into the sampling of metallic scrap 
as such. The drawing of the sample is all important, and no substitute 
for personal selection made jointly by the representatives of the buyer 
and seller has yet been found. On the other hand, on copper-bearing 
material, as it is known in the trade, a definite ratio of the lot may be 
set aside and true coning, mixing and quartering practiced as in ore 
sampling. Table 1 shows a rather rough group of types in which selec- 
tion has the larger importance and Table 2 those of which definite pro- 
portions should be taken. A combination method is advisable when 
judgment is a large factor and conditions admit: for example, in shipments 
of skimmings, there may be large chunks of metal; if the sample is being 
drawn by the tenth or fifth shovel or by an automatic mill the large 
metallics should be set aside, broken up with a sledge, mixed, quartered 
down and weighed. The final sample for melting should be made up of 
the proper proportions of fines and the broken metallics. 


Table 1. — Rough Grouping of Metallic Scrap When Selection is of Greatest 

Importance (Class A) 



Copper 

Free Iron 

Scrap Motal 


Per Cent. 


Per Cent. 


♦Sample 

- 


May 

Contain 

- 




High 

Low 


High 

Low 

Armatures 

M-T 

25 

10 


80 

5 

Arc lamps 

M 

66 

27 


50 . 

.0 

Brass scrap 

M 

85 

10 


80 

10 

Breakage 

M 

65 

30 


35 

0 

Briquetted metal 

M 

99 

45 




Bronze scrap 

M 

90 

75 

Sn 



Carburetors 

M 

83 

73 




Coils — electric 

M-T 

90 

17 


66 

0 

Composition scrap 

M 

85 

60 

Sn 



Copper scrap ; 

M 

99 

87 




Fields 

M-T 

50 

25 


70 

20 

Bottoms, furnace 

M-D 

93 





Generators 

M-T 

20 

10 


80 

5 

Gaskets 

M 

71 

48 


15 

. 0 

Radiators 


Flat Rate 

Sn-Pb 

20 


Tuyeres 

D 

96 

88 




Valves 

D-M 

88 

45 

Sn-Pb 

5 


Wire and cable 

M 

31 

13 

Pb-Sn 1 



Copper-clad steel wire and BX 

T 

70 

10 


90 

30 

Tinsel, cordage, magnet wire. . . 

M 

50 

20 




Insulated wire 

M 

91 

30 





*M = Melt; T = Matte; D = DriU 
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Table 2. — Rough Grouping of Metallic Scrap of Which Definite Proportions 
Should Be Taken {Class B) 



1 

Copper 

1 

Free 

Iron 

Copper and Lcad-bcaring Scrap 


Per Cent. 

1 

Per 

ZJent. 


1 ■‘Sample 



May 

Contiiin 1 

- 


i 

High 

Low 

1 

1 

High 

Low 

Ashes, all kinds 

. M-S 

75 

5 

Pb 



Battery^plates 

M 

85 

68 

Pb-Sb 



Borings, all kinds 

S-M 

97 

10 

Sn 

50 


Bronze powder 

S • 

85 

75 

Sn ' 



Buffings, all kinds 

S-M 

65 

9 




Carbon blocks and dust 

M-S 

79 

69 

Pb-Sn ; 



Cement copper 

S 

60 

20 


5 


Cobbings 

M-S 

25 

15 

' 



Concentrates, brass 

M-S 

70 

5 


10 


Copper cinders and clinkers 

S-M 

30 

7 



Copper oxide and scale 

s 

95 

45 



Copper ingots and pigs 

D-M 

99 

85 

Sn 


Drosses (Gu, Pb, Sn, terne, 






solder, babbitt and die-cast- 





i 

ing) 

M-S 



Sn-Pb 1 

20 

Dusts, copper 

S 

85 

15 



Fuses 

M 

60 

30 



Filings 

' S-M 

75 

65 


40 I 

Grindings 

i S-M 

75 

10 

I 

i' 1 

20 

Jack-strips 

, M 

45 

10 


50 

40 

Lamp-bases 

; M 

' 30 i 

5 

' 1 

1 



Lead oxide and mud 

i S 

; 70 Pb 1 

45 Pb 

i Pb j 



Lead sulMte 

i s 

i 65 Pb i 

35 Pb 

! Pb , 



Mattes 

i S 

i 60 ! 

20 

1 1 

, 

Mud, foundry, rumbling 

' s 

25 ! 

3 

! i 

i 

Residues 

! s 

40 i 

25 

! 

1 

Shells, shotgun, brass, copper . . 

; M 

70 , 

25 

1 

t 

1 

Shells, electrotype 

1 M 

'50 : 

30 

Pb 


Screenings, siftings, sievings . . . 

1 s 

70 ' 

45 

1 

■ 

Skimmings (aluminum, brass, 

i 

1 

1 


' 

zinc sal-ammoniac) 

1 M 

73 i 

i 7 

Pb-Sn- , 



i 

1 


Zn-Al : 



Slags, all kinds 

1 M-S 

i 21 : 

0 

Sb-Pb-Sn 



Spatters 

1 M 

1 65 

35 

! 



Sweats 

1 M 1 

1 

1 


Sn-Pb-Sb; 


Sweepings 

S-M i 

65 ! 

25 

1 


Tailings, separator, magnet... 

S 

56 ! 

7 

i 

1 

Turnings, all kinds j 

M-S 

99 ! 

23 

Sn 

1 

Washings ! 

S 

85 ' 

4 


i 


M = Melt; T = Matte; D = Drill; S = Screen 
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The aim at all times should be to minimize the personal equation, 
but to keep in mind that free metal is invariably present and that the 
lot is probably very unhomogeneous, or rather, heterogeneous. 

In Class A (Table 1) the representatives of both buyer and seller 
select a number of pieces, which will be as nearly typical as is consistent 
with the weight and value of the lot. Hand work is not only unavoid- 
able, but desirable. For example, a carload of briquetted or bundled 
wire may have “bricks” or “bundles” consisting wholly or in part of 
heavy insulated and cotton-covered wire, soldered ends of clean wire, 
lead-covered cable, and copper gaskets. Haphazard selection is wrong 
and taking every tenth may be very unfair; a number of each type, 
dependent on occurrence, should be taken and one-half of each “brick” 
sheared off and cut up into small pieces. The pile can then be mixed 
with shovels and quartered down to a weight of 10,000 to 30,000 gm. 
(20 to 60 lb.) and melted. 

Another example would be armatures, which run, of course, very high 
in iron. A sufficient number of each type, which may be one of each or 
more, may be first stripped by hand. A greater net weight can then be 
melted unhampered by unwieldy amounts of iron. 

In tuyeres, one or two should be selected and the inside scraped and 
cleaned before drilling, if possible. Obviously, the tuyeres taken for a 
sample should be weighed before and after cleaning, although no melting 
is done. 

It should be evident from the cases mentioned that the sample taken 
may be anything from 1 to 50 per cent, of the lot of scrap. 

In Class B (Table 2), however, a more or less definite scheme can be 
outlined to cover a sample of 1, 5, 10 or 20 per cent., depending on the 
percentage of free metallics and the particle size. The main point lies 
in the manner of taking the sample. Each man engaged in unloading 
the car should be assigned to a certain area and the removal of the 
material should be along a definite fine, say from right to left or vice-versa, 
setting aside the fifth or tenth shovelful for the sample. Large metallics 
should be picked out by hand, broken down, weighed and added in the 
proper ratio to the main portion. Certainly the men unloading should 
not be permitted to shovel here or there, taking a sample shovelful when- 
ever or even wherever they may choose. The only justification for a 
percentage sample is in the regularity of taking it. A carefully taken 
grab sample is better than every fifth shovel taken haphazardly. 

In aU cases, half the final crude sample should he held as a reserve 
in case of dispute. 

Moistube Determination 

In general, the regular sample will suffice. If the material is sold 
with payment to be made on the original or “as received” basis, it is 
necessary to ascertain the moisture, if for no other reason than the proba- 
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bility that the reserve portion may either lose or gain moisture in storage, 
and, of course, it is always advisable to dry before charging into a crucible. 
If the sample is to be screened only, either the sample must be dried at 
212° F. and the resultant assay run on the “dry basis” or else the sample 
may be burned with or without the addition of kerosene oil. In either 
case it may be calculated to the “original basis.” 

If material is sold with pajonent and treatment charges on a dry basis, 
a moisture test must be run. The usual practice is to take either the 
regular sample or a portion (weighing, say, 10,000 gm.) and dry either 
in an oven or by the furnace. The moisture determination, therefore, 
may be very important, for it may not only reduce the treatment charges 
through smaller weights but may throw the material into a higher 
schedule and consequent lower rate. 

The moisture determination, in most cases, should be made by drying 
at a temperature about 212° F. Fine material is sometimes calcined, 
but while this shows a loss of other volatile and combustible matter as 
well as moisture, this loss may be partly offset by oxidation of finely 
divided metal. As a matter of fact, material like copper cements and 
some mattes will show first a loss, but finally a gain when dried at slightly 
over 212° F. 

Copper oxide or mud from wire or cable may contain both water and 
oil or grease. The samples are generally first dried and then burnt. 
Such moisture determinations are often unsatisfactory. 

Eliminating Oil and Grease 

In the sale of turnings, etc., for remelting purposes, the matter of oil 
and grease is often an issue. A 5 or 10 per cent, sample is taken of 
thoroughly mixed material, coned, quartered and remixed and placed 
in a container, preferably a bottle. When sold to a smelter, this class 
usually calls for burning the sample. Before and after burning weights 
must be taken. When sold to a brass foundry the turnings should be 
washed, first with alcohol and then with ether, before analysis, the loss 
in weight being ascertained. 

Removing Iron 

Whenever possible, free iron should be removed with a magnet or by 
hand before melting. If the sample is one that admits of screening, it 
is best to pick out by hand the larger pieces and use the magnet only on 
the coarse scales or metaUics. If used on the fines, values may be 
removed at the same time, especially if oily. If the iron is attached to 
the other metals, as in armatures, generators, bed-rods and the like, it 
is sometimes possible to sweat the material. When necessary to actually 
melt the other metals, the iron should be taken out by skimming; it 
should always be weighed and the weight included in the sampling data 
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given on the bag. Unless carelessly done, the “wash” or copper adhering 
to such iron can be disregarded. If the material caimot well be sweated 
or melted into a good bar, the whole sample should be melted with the 
addition of suflGicient sulfur to form a clean low-grade matte. This is 
especially advisable on material containing more iron than copper and in 
copper-clad steel. 

Size of the Sample 

The weight of the final sample is dependent on (1) the melting equip- 
ment available and (2) the size and character of the pieces in the ship- 
ment. Ore can always be broken down and crushed; scrap rarely. 
The larger the particle size, the fewer the particles, and consequently the 
larger the sample required. The more varying the character of the 
pieces, the larger the sample required; 100 lb. might be none too much to 
melt of an irony composition, while 20 lb. might be plenty for dirty 
grindings or No. 2 wire. 

For convenience, it has been the habit at some smelters to take even 
and definite weights for melting, such as 50 or 100 lb. (10,000 to 20,000 
gm.). This is not good practice, for to get an even weight, something 
must be taken from or added to the final sample. Either a definite 
quarter or two quarters should be weighed "as is,” whether selected by 
the shovel or by hand. There is no doubt that taking round figures, 
such as multiples of 10 or 100, minimizes clerical errors, in one way, 
especially in calculating the final assay, but the weights of the various 
portions after melting or screening are rarely even, so the clerical and 
mathematical advantages claimed are at least open to question. 

Melting Equipment and Practice 

Copper, brass, scrap and copper-bearing material are usually melted 
in graphite crucibles, sizes from No. 100 to 150 being in general use. 
On account of the bulky nature of some of the scrap, it is best to be 
generous as to capacity. It is sometimes necessary to charge in several 
batches and possibly add more flux. 

The furnaces may be either of the pit or tilting type, and are usually 
oil-fired. (Fig. 1 shows furnaces used by United States Metals B-efiining 
Co. at Chrome, N. J.) One man can handle two furnaces, but two 
men are required for melts much over 50 lb. This increases sampling 
costs, which are, of course, passed on to the shipper, and increased 
accuracy gained by melting a larger sample may be more than offset 
by the increased sampling charges. 

AU the samples should be delivered to the melter in containers plainly 
marked with the lot number. The charge can be placed in the crucible 
and the necessary flux added. Borax is generally used alone or with 
additions of charcoal, soda ash, and sometimes sand, depending on the 
material. Salt should not be used with samples in which the copper and 
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tin are to be determined, and in melting all samples for lead, tin and 
antimony, care must bo taken to avoid excessive heat in melting. 

A crucible will give 12 to 14 melts, on the average. Clean copper- 
bearing material will give from 18 to 20 melts; very dirty and irony 
material from 5 to 10, and battery lead rarely over 7 or 8 melts. High- 
zinc and irony samples are the hardest on crucibles. 

After the sample is properly melted the free iron may be skimmed off 
into a pan; tagged, cooled and weighed. The slag is then skimmed into 
a pan, or better still, poured with the metal into a mold, the slag broken 
loose and weighed. If very small in amount or of a light color, it can be 
disregarded altogether. This is usually the case in heavy and light 



Fig. 1. — PuENACBS used bt the United States Metals Repining Co., Chbomb, 

N. J., POE MELTING SAMPLES OF COPPEE-BEARINO MATERIAL. 

copper, clean brass, etc. Slags from furnace products, dirty scrap, etc. 
should be weighed, crushed to. 60-mesh and sieved. 

Shot will often be found. Experience has shown that the copper 
assay of this shot will rarely vary more than 3 per cent, from copper 
assay of the bar, so that it is generally cheaper and sufficiently accurate 
to weigh the shot, deduct the weight from the slag and add the weight 
to the bar, thus saving an assay. The slag as ground is mixed, quartered 
and bagged. If it is necessary to remelt a bar because of hard irony 
shots, it is best to add more flux. The weight of the second slag should 
be added to that of the first, and the two should be mixed. 

After skimming, the melt is poured into a flat slab or bar, preferably 
not over 1 in. thick. Drillings should be taken from all portions, drilling 
through each time. The drillings should be mixed carefully before 
bagging, but it is rarely necessary to grind them. 
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Great care must be taken in tagging and marking, and the stamping 
of the bar is especially important, for it is the heart of the sample. 

The after-melting, or A. M., weight should be taken and noted; in 
fact, all weights pertaining to any sample should be checked by two men. 
This point cannot be stressed too much. 

Preparation of Samples 

After the sample has been selected by one or the other of the methods 
described, it may be prepared by one of several different schemes, depend- 
ing on a number of conditions, governed (1) by the facilities at hand; (2) 
by the weight and approximate value of the lot; (3) by the size and 
character of the material. The methods at this stage of final preparation 
comprise melting, screening' and matteing. 

Melted Samples 

Melting is the method generally used. The material, either dried 
or undided, may be charged directly into a graphite crucible or the fines 
may be screened out and only the coarse material melted, with or without 
prior removal of the iron. 

Screened Samples 

Material suitable for screening is usually dried first, for ob'vious 
reasons. It may also need grinding or crushing in a mill or possibly by 
a Jaw-crusher and set of rolls. Sieves 30 to 60 mesh are used, 
dividing the samples into portions called fines and metallics, or pulp 
and scales. 

It is generally advisable to assay each portion separately. The iron 
in the scales, shot or metallics should usually be removed with a magnet. 
No attempt should be made, however, to remove iron in this way from 
the fines or pulp portion. 

It may be good practice to melt the coarse portion if it is sufficiently 
large and unhomogeneous. Before and after melting, weights should be 
taken. In melting, it may be ad-dsable to add a small amount of borax, 
but it rarely is necessary to weigh or analyze the small amount of 
such slag. 

Matted Samples 

For irony material, this method, when it can be conveniently used, 
is best of all from the standpoint of accuracy. When properly carried 
out the resultant matte can be crushed, pulverized and thoroughly 
mixed. Only one determination of copper is necessary and the buyer’s 
and seller’s assays should and do check within 0.25 per cent, or less. It is 
peculiarly suited for irony material but the cost is high and very few 
smelters have facilities for getting a high enough heat, so that often a 
slag will contain free metal. This slag must be ground and separated 
into fines and shot, making three portions of the sample to be assayed. 
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The final result, though more nearly correct, may have increased the 
sampling costs beyond reason. 

On the other hand, some samples have so much ii-on not readily 
removed except by melting that, despite the care used in skimming after 
sweating, the resultant bar contains hard spots, which easily break a drill. 
Such a bar must be remelted with additional flux, thus giving two slag 
weights and two A. M. weights for the bar, with a consequent increase 
in labor and fuel cost and still further chance for clerical errors and losses. 

Aluminum Scrap, Drosses and Skims 

Aluminum scrap is rarely sold on joint sampling at the works of the 
buyer. One of the largest works handling this confines its purchases 
chiefly to material of which the origin and composition are known. 

Drosses and skims, however, require some form of sampling, as they 
are sold on the basis of “metallic or free aluminum,” no payment being 
made for the oxide. Up to recent times the practice has been to draw 
a sample by either the grab or shovel method, reduce in quantity, crush 
somewhat if necessary, and screen through a 60-mesh sieve, discarding 
the fines obtained and fluxing only the coarse. 

The free metal having settled to the bottom of the crucible, the heat is 
continued a few moments and the crucible removed, cooled and broken. 
After cleaning, the button may be sawed for purposes of analysis. As 
a rule, only the aluminum is paid for, but the button may contain other 
metals present in the origiaal alloys; copper, for instance. 

Tests made in our laboratory with zinc chloride and calcium fluoride, 
the usual fluxes given out in the trade, indicated that the finely divided 
metal contained in the portion under 60-mesh was not recoverable. 
We have reason to believe that a change in the method of fluxing would 
partly avoid oxidation of particles as fine as 80 mesh. 

Brass and Copper Skimmings 

This material will usually contain metallics of appreciable size. It 
may be sampled by hand by the tenth shovel, or “one and nine,” as it is 
sometimes called, or it may be passed through an ore-sampling mill. 
The latter is a distinct innovation in sampling practice, introduced at 
the copper refinery of the United States Metals Refining Co. at Chrome, 
N. J. The mill is used only for carload lots. 

As in hand sampling, large metallics should be picked out and broken 
with a sledge. If there are many of these, they should be weighed and 
a proportionate amount added to the main sample as delivered from the 
last cutout used in the miU; if few, they may be broken up and thrown in 
with the rest of the material. The mill is equipped with four cutouts 
(any one or all can bo used), each giving a 20 per cent. cut. If the parti- 
cles are of sufficient size, the material may be passed through a jaw- 
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crusher, gyratory crusher and three sets of rolls in the order given. The 
full use of the cutouts will give a sample equivalent to ^^25 of the lot 
with a weight ranging from 150 to 250 lb. Depending on the setting 
of the final rolls, the maximum particle size will vary from 0.25 to 1 in. 
This sample may then be passed through a laboratory-size crusher, 
quartered once or twice as needed and melted to a bar and slag. 

Ashes, cinders, clinkers, cobbing, concentrates, drosses, muds, resi- 
dues, slags, fine spatters, sweepings, tailings and washings are sampled 
in a like manner except that they need no crushing, as they contam only 
fine material. They should be screened and assayed “as received" and 
not melted. 

Lead Drosses and Skimmings 

Waste of this type may be sold on the “metallic button ” or total lead 
content basis. In either case, after a sample is obtained by the shovel 
method, it is melted down under a -reducing flux. 

If the contract calls for “metallic,” most of the lead, tin and antimony 
will be in the button, together with some of the impurities such as copper, 
arsenic, etc. If “total lead” is called for, both the button and slag are 
assayed and the flux used is of a more simple nature, no care being taken 
in reducing other than to get a clean slag, which may contain as high as 
60 per cent. lead. In the “metallic” melt, the flux is highly reducing, 
the losses of metal retained in the slag being partly compensated for by 
the somewhat impure button thus obtained. 

Battery Lead or Plates 

This consists of old wet batteries of the automobile and radio type, 
and the lead plus antimony will vary from 70 to 85 per cent. The anti- 
mony will run from 3 to 4 per cent, as a rule. The container is usually 
not shipped and there is a marked tendency to cut off the lugs and sell 
separately. There is always more or less dirt but in the past most of 
the trouble has been from the moisture. Some have dried at 100® C. 
(212° F.) but the better practice today is to bake the sample. 

On an average, the shipment will consist of lugs, connectors, plates, 
oxide and sulfate from the plates, and wooden or rubber separators. 
The separators will make up from 7 to 10 per cent, of the wet mass and 
will show a moisture about 10 times as high as the plates and lugs com- 
bined. The lugs will assay about 96 to 98 per cent, lead and antimony. 
An average lot of battery plates should contain around 8 per cent, lugs; 
a lot may have none; if mostly whole batteries, it might show as high as 
15 per cent. 

The plates and oxide, then, make up the bulk of the material and the 
difficulty in sampling is to get a proper ratio of plates, lugs and separators; 
or liners, as the last are sometimes called. The proper procedure is to 
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take every fifth or tenth shovel, as the case may be, and when the sample 
is drawn have it weighed. Break and cut off the lugs and weigh to 
find out the percentage of lugs in the material. Break up and crush the 
plates and liners, mix and quarter down to approximately 100 lb. Then 
combine the proper proportions of lugs and plates for the melt sample. 
Of course, a reserve sample should be held and moisture run at a tem- 
perature high enough to drive off moisture and other volatile matter but 
not high enough to melt or sinter the sample. 

The smaller the sample melted the more care must be taken, although 
if brought to a fine state of division a portion as low as 100 gm. may be 
melted in a clay crucible; the latter cooled and the button broken out 
and weighed. This practice is followed at the works of one of the large 
smelters and is probably the cheapest in labor, fuel and material. 

Another works, which buys on metallic yield, melts from 250 to 350 
lb. in a large kettle. The slag must be skimmed off and the metal ladled 
out into bars. The cost is high and the time long. 

Trade practice in general calls for “metallic jdeld,” “metallic button,” 
“metallic recovery” or “metallic” (all four terms being synonymous) 
as the final operation of determining the value of battery lead and similar 
material; and there is little doubt that when properly carried out the 
results may be sufficiently near the truth. As mentioned before, the 
button is weighed and is assumed to be Pb Sb. The slag is assumed 
to contain no more Pb + Sb than will be lost -by the smelter in refining 
and is, therefore, disregarded in this method. Ordinarily then, there will 
be no necessity for analyziug the button or the slag. As a matter of 
knowledge, a 300-lb. sample, typical of the practice at one works purchas- 
ing on the metallic basis, was thus melted and assayed. The metallic, 
or button, was 78.10 per cent.; the slag amounted to 6.78 per cent, of the 
sample. The partial analyses of each and the calculations showing the 
comparative and composite values is given in Table 3. 

Our experience is that on a large melt, the sample is more repre- 
sentative but the metallic yield is too low because of the character and 
amount of slag. Conversely, on a small melt, it is more difficult to 
obtain proper proportions of lugs, plates, liners and oxide but the slag is 
more apt to be relatively small and clean. 

In another experiment in our laboratories, the total of the actual 
Pb + Sb was 0.50 per cent, more than the metallic button run down on a 
large portion of the same sample. 

Pb -f Sb = 83.00 per cent. vs. metallic button, 82.50 per cent. 

The slag on the first sample was high in both lead and antimony. 
The slag on the second, as usual, was not saved and analyzed. 

The better practice, therefore, in the opinion of our organization, is 
to melt from 50 to 100 lb. in a large crucible to a clean slag free from shot. 
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Table 3. — Partial Analysis of Typical 300-Z6. Sample 



Lead, 
Per Cent. 

Antimony, 
Per Cent. 

Tin, 

Per Cent. 

Arsenic, , 
Per Cent. 

Copper, 
Per Cent. 

Iron, 

Per Cent. 

Analysis 

Bar 

94.54 

4.85 

0.23 

0.10 j 

0.00 

0.27 

Slag 

39.57 

2.93 

1.01 

1.33 

1.75 

4.28 

Reconciliation 

Bar ( 78.10 per cent.) . . 

73.83 

3.79 

0.18 

0.08 

0.00 : 

0.21 

Slag ( 6.78 per cent.).. . 

2.68 j 

0.20 

0.07 

; 0.09 : 

; I 

0.12 

0.29 

Sample 

76.51 

3.99 

0.25 

0.17 i 

! ! 

0.12 

0.50 


Pek Cent. 


Metallic yield — lead + antimony + impurities 78.10 

Lead plus antimony as assayed 80.50 


Difference 2.40 

The slag is skimmed and crushed. Either the melt is poured, the slag 
broken off and the bars sawed, or a dip sample of the metal is taken and 
poured into a small bar, which may be rasped down. The weights of 
both metal and slag are taken and both portions assayed for lead and 
antimony, payment being made on that basis, less the usual deduction 
and with a premium or penalty for plus or minus 80 per cent, 
lead plus antimony. 

Baking losses will run as high as 15 per cent., called “moisture,” but 
most contracts specify or allow 1 per cent. The average is 5 to 7 per cent. 


Tin and Teene Deosses, Skims and Ashes 

Tin drosses are often sold on the basis of “metallic button” or 
“recovery.” They may contain as high as 35 per cent, moisture and 
much zinc and ammonium chlorides. In this wet condition they are in 
the form of a thick sludge and the sample is best taken while barrels are 
being loaded. A sample of 10 per cent, or 5 per cent, should be sufficient. 
(Another method of drawing is to pour off the water, mix and take a pipe 
sample of the sludge.) After mixing thoroughly the sample is placed 
in two-quart glass jars, covered tightly, and both barrels and sample 
are weighed. The sample is then sent to the laboratory and washed 
thoroughly by decantation, dried and weighed. It may be then passed 
through a set of laboratory rolls, sieved through a 40-mesh sieve and the 
metallics or scales weighed. The pulp or fines is best taken by difference. 
If sold on “metallic button” by the “coal” method, disagreements are 
minimized by making a joint assay in the presence of both buyer’s and 
seller’s representatives. 
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Coal Method 

Proportionate amounts of fines and scales, together with a flux made 
up of soda and hard-coal dust, are mixed in a small crucible. Four 
times as much flux as sample is taken and the latter may be from 100 to 
as much as 400 gm. Triplicates are made up and melted in a gas, coke 
or oil furnace. The melt, when not cooled in the crucible, is preferably 
poured into a flat bar rather than a button. If it is to be analyzed, 
raspings are better than sawings. Segregation in bars, from drosses 
containing antimony and lead, is marked, so the raspmgs should be 
thoroughly mixed. As a matter of fact, at least two melts should be 
taken and averaged. The slag is ignored. Results are low but are 
claimed to be in line with smelter recovery. As much as 4 to 15 per cent, 
of tin may be lost. 

Cyanide Fusion 

The cyanide fusion is less often used to ascertain the metallic button 
and is carried out in a manner similar to the old determination in tin 
ores, using twice as much cyanide as sample. It is not suitable for 
terne drosses. A more accurate method is to screen the sample through 
a 40-mesh screen after reducing. A cyanide fusion on 10 gm. in triplicate 
will give a button on the fines, which may then be rasped down. 

If much iron is present the button will have hard spots and care must 
be taken again to avoid segregation. The coarse screenings will be of a 
scaly character and usually brittle. They may be further cut and 
broken down, riffled or melted under a flux or with resin, cast mto a bar, 
weighed and rasped or sawed. Correction must then be made for the 
melting loss. 

Iron is an impurity and may be penalized. If present in sufficient 
quantity the determination can be made only by a wet method on the 
original material. Lead is also best assayed in a similar way. 

Most Accurate Method 

The most accurate method of all for such material is the one employed 
at the Balbach Works of the United States Metals Refining Co. on solder 
drosses, sweated radiator dross. This consists of melting 20 to 60 lb. of 
a suitably prepared sample with soda and charcoal, in a graphite crucible 
or large ladle. The slag is crushed and ground and the bar may be 
sawed lengthwise and one-half rasped down. Both bar and slag 
are assayed. • 

Zinc Ashes, Drosses and Skimmings 

These may be very wet and full of salts such as zinc and ammonium 
chloride or they may be dry with practically no chloride. They are sold 
on “sample,” the latter being often but a grab wrapped in paper, whether 
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wet or dry. Determination is always required for the total sdnc content 
and often for the moisture and chlorine, the latter being penalized. In 
sampling, care should be taken to obtain the proper proportion of 
metallics and fines. The sample is best bottled. 

Lamp Bases 

This material consists of the scrap from electric-light bulbs. The 
glass from the bulb itself is usually present in only a small amount, but 
that from the inner tube in which the wires are sealed will be present in 
varying amounts in the shipment. A base will consist of four parts, the 
ratio by weight of each part being as follows: 

Standard Ttpb Labqb Ttpb 
1 In. Diau. In. Diam. 

Pehoentagb by Weight 

Brass shell 20 26 

Wax or plaster 49 37 

Glass tube 30 37 

Lead-in wires 1 1 

The material is sometimes shipped “as is.” The copper content 
will vary from 5 to 30 per cent., although the brass assays 66 -f per 
cent, copper. 

Some shippers crush to remove as much glass and wax as possible, 
and such lots may assay as high as 50 per cent. 

Electrotype Shells 

Often sweated before shipping, they still run high in lead, and in the 
past payment was not, as a rule, made for that metal. They are now at 
times sold for both copper and lead contents and must be sampled on that 
basis. On casting, the two metals will separate in two layers. The lead 
portion will be fairly pure lead; the copper portion will contain more or 
less lead and, of course, impurities. 

Lead-covered Cable 

Whether called “lead-covered cable” or “copper-filled cable lead,” 
pa 3 mient is made for the actual copper and for the lead plus antimony. 

The cable is best stripped by hand or machine and the lead and wire 
portions melted separately. The former will show a low melting loss, 
the A. M. weight being taken as the Pb Sb -f Sn. 

The copper portion, being stranded wire covered with insulation and 
coated with tar or similar material, will give a high melting loss. Shippers 
cannot understand why payment is not made for copper on the A. M. 
weight, as on the lead; obviously, copper melted and cast into a sample 
bar will contain considerable oxygen, to say nothing of other metal- 
lic impurities. 

VOL. 76, — 42 
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Carbon Blocks 

Carbon blocks are made usually in four copper types ranging from 
70 to 85 per cent. The “pig-tails,” or stranded wire sometimes attached, 
will assay around 96 per cent. Almost all of the blocks and dust will 
show appreciable amounts of lead and possibly tin. They will assay 
from 69 to 79 per cent., rarely over 75 per cent. 

They must be melted with a flux containing niter, to oxidize the 
carbonaceous matter, or losses in melting are apt to be high, on account 
of dusting. 

This material may be ground in a jaw-crusher and roll-crusher but 
this is not advised, because, unless extraordinary care is taken in cleaning 
the apparatus, it might result in salting some other samples. The fine 
powder is not necessarily dusty of itself. 

Bronze Powder 

This material is so fluffy that it causes a great amount of trouble. 
It flies about and sticks to everything and should not be handled near 
other lower grade stuff. 

Automobile Radiators 

Automobile radiators are not sampled but are sold on weight less 
iron, which is in the water connections, plates, strips, etc. Some refineries 
have their own list of iron deductions for radiators, as does The National 
Association of Waste Material Dealers. The iron deduction will range 
from 2 to 20 lb., the latter from truck radiators. Fords will show from 
2 to 9 lb. 

The remainder is chiefly copper, brass and dirt. The solder will 
average about 7 per cent. The recovered solder may contain as high 
as 40 per cent. tin. Some dealers dismantle and ship the cores; others 
sweat to recover the bulk of the solder. The tendency at present is to 
use less tin than formerly in the solder, so the figure given for that metal 
will probably be too high for the future. 

Jewelry and Dental Waste 

An entire paper could be devoted to this important and valuable 
material but only the phase that affects the larger smelter will be taken 
up here. There are innumerable establishments making jewelry and 
many small dental laboratories spread over the country. The waste 
from the floors, sinks, benches and furnaces, etc., is saved and collected 
by small dealers who are usually called “refiners.” Combustible matter 
is burnt by them to ashes, which are called “sweeps.” 

Metallic waste, such as clippings, punchings or stampings, is usually 
cast into bars called “bullion.” Other names are “platers’ scrap” and 
“filled clippings.” Only the low-grade type of bullion free from the 
platinum group will be discussed. 
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Sweeps 

This material is always shipped in barrels or drums, usually sealed. 
Shipments vary from 1 to 7 bbl., rarely more. The entire lot is spread 
out on a clean floor and thoroughly mixed by shoveling, coning and 
quartering. It is often hygroscopic, because of the presence of sodium 
salts from cleaning solutions, and the moisture will run from 0.3 to 1.5 
per cent. A sample for moisture is best taken at the time of dumping 
the barrels and immediately after weighing. This sample is usually 
dried at the works in the presence of the shipper’s representative. As 
a steam bath is used, about 0.10 to 0.15 per cent, of moisture is usually 
left. The main lot having been quartered down carefully to about 12 lb. 
maximum, the sample, consisting of two opposite quarters (the other 
two being held as a reserve), may be placed in a pebble mill or bucked 
down by hand on a bucking-board and sieved through an 80 to 120-mesh 
sieve, preferably the latter, to remove the scales or metallics. These 
will rarely run over 2 per cent., as in most cases the shipper has already 
sieved the sweeps through an 18 to 60-mesh screen before shipping. 

The sample should be weighed before grinding and the metallics 
weighed after screening. The fines weight is then taken by difference. 
On account of dusting losses, an improper ratio would be obtained if this 
were not done. The fines or pulp is then mixed, quartered and bottled. 

The metallics are unhomogeneous in value and particle size and, being 
small in amount, should be scorified with an excess of lead to 20 to 100 
gm. poured in a small button or slab. The slag is cleaned and the button 
rasped, quartered and divided into three portions. 

Fines and metallics are assayed separately for precious-metal contents 
only. No allowance is made for base metals. 

Some works, instead of taking the struck weight of two quarters, 
weigh out, grind and sieve definite weights such as 16, 20, 30 or 40 assay 
tons. This is not recommended, for while it is convenient for calculating, 
it is wrong in principle. 

Watch-case Bullion or Platers’ Scrap 

This material is very valuable. Silver will run from 1 to 50 per cent, 
gold from 2 to 15 per cent, and copper from 50 to 80 per cent. Payment 
is made for all three, the balance of the alloy being chiefly zinc and nickel. 

It is shipped generally in bars, the shipments rarely exceeding 13,000 
oz., as that is the full capacity of the crucible used for melting. The 
entire shipment, after weighing, is melted with a little borax and charcoal 
to a clean melt. The slag is skimmed off and poured into water to remove 
the bulk of the remaining charcoal, then dried and reserved. 

The molten mass is stirred vigorously by plunging an iron ladle up 
and down with a twisting motion. A small hot clay crucible is then 
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dipped into the metal and a shot sample taken by pouring into a pail of 
water in which a wooden board rests. The hot metal is thus spattered 
under the water, the object being to make as little “matted” shot as 
possible. The very fine shot should be screened out after drying and the 
very coarse picked out, only the medium size, about 18 to 40 mesh, being 
used at one refinery, and to in. at another. The coarse assays the 
same but is awkward to handle at the balance: the fines will carry any 
slag or dirt inadvertently carried over from the surface of the melt, and 
should not be used for assay, as it also has a greater tendency to oxidize, 
by reason of the zinc present. 

The metal is ladled out into bars and weighed, and the slag reserved 
as described above, is thrown into the crucible. The heat is raised and 
the pot sweated. The metal recovered is poured out, cleaned of charcoal 
and the total metal recovery weighed. The assay is figured on this 
after-melting, or A. M., weight. The treatment charges may be based 
on the before-melting, or B. M., weight. 

A long series of experiments initiated by this laboratory and carried 
out some years ago at one of the refineries proved that, even on 
the highest grade material, no segregation troubles occurred provided the 
melt was thoroughly mixed, as described above. It was feared that the 
combination of high gold, zinc and a high-melting metal — nickel — might 
result in an erroneous figure if the sample was dipped from near the top. 
The assays of samples taken at intervals from the bottom to the top by 
this method showed accordant results. 

Small bars, however, weighing only a few hundred ounces or less 
may be drilled in six holes diagonally across the bar, drilling through 
each time. It is very difficult to pour clean enough on a small weight 
to obtain a true A. M. weight, so a melted or shot sample is not always 
taken. The last method gives a more homogeneous sample, however. 
As these small bars often contain large amounts of platinum metals the 
relative accuracy of the two methods should be ascertained by a series 
of carefully controlled experiments on actual shipments. 
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DISCUSSION 

T. A. Weight. — On page 650, I want to add one point: Often when drillings are 
taken from ingots such as are cast from melted samples, they are not ground, and there 
is ordinarily no necessity for it, but in large and carload shipments, handling valves, 
ingots and things of that kind, the samples should be ground or the results will be 
indeterminate. Great care must be taken in tagging and marking, and stamping the 
bars is especially important; that is, in relation to the melted samples. I suppose at 
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least 75 per cent, of the samples taken on copper scrap and on the other metals are 
melted. The weights before and after melting arc very important and sliould ])o 
(•.hceked. More trouble is caused by clerical errors than by anj^thing else. 

'J'he preparation of the samples is the all-important thing, and this is going further 
than what I said in regard to size of sample. No matter what scheme is used, it is 
governed by these factors, by the facilities that are at liand, by the weight and approxi- 
mate value of the lot, and by the size and the character of the material; so that really 
such methods as may be given here are merely outlines of practice which must be modi- 
fied many times to meet the particular situation that has developed. 

W. J. Brown, Brooklyn, N. Y. — Mr. Wright has particularly pointed out that the 
complexity of secondary metals makes the taking of the sample a matter of vital 
importance to the chemist. The work of the chemist is of little value if his sample is 
not representative of the original material. To leave the taking of a sample to per- 
sonal selection makes sampling simply a matter of judgment. Unfortunately, many 
materials are of such a nature as to render other methods impractical. 

When in the process of quartering, large pieces are broken down to proper particle 
size, returned to the sample, mixed and quartered, it is important that proper particle 
size be controlled by the amount of material being handled and that the quantity of 
sample submitted to the laboratory be controlled by particle size. 

Separating into several parts either by sieving or by selection with the consequent 
weighing of each part increases handling charges. Dividing the ^*assay into parts 
such as a bar and slag increases the laboratory cost. Should tin, lead and antimony be 
desired, it is necessary not alone to determine those metals but also copper, iron and 
arsenic, which may be present as impurities, and increasing the number of parts 
multiplies the analytical work to that extent. When the lot represents a small ship- 
ment, sampling and laboratory costs make an item to be reckoned with. 

The many varieties of scrap on the market and the complexities of their composi- 
tions call for the exercise of judgment on the part of both sampler and chemist. Mr. 
Wright has made a valuable contribution to the secondary non-ferrous metals field in 
pointing out the difficulties of handling this class of material. 

E. H. Laws, New York, N. Y. (written discussion). — Mr. Wright is to be congratu- 
lated on the writing of a valuable paper on a very difficult subject. 

In connection with the samplng of copper-bearing scrap material, I submit the 
following notes on possible improvements in practice: 

It is evident that copper-bearing scrap material is most difficult to sample, owing 
to the variation in the value of individual particles and the high melting point of the 
metallic pieces. Assuming a shipment which is representative of most of the material 
received, it will contain metallics varying in value from pure copper to metal of no 
value, or even to a minus value to the copper refiner. The difficulty in sampling is 
increased by the variation in size of the metallic parts and because of the presence of 
moisture and combustible matter, such as grease, dyestuff residue, crude oil, sawdust, 
paper and rubber. In order to get accurate results it is obviously necessary to cut out 
large amounts for samples and these notes apply to the handling of such largo samples, 
which may reasonably vary in weight between 100 and 1000 lb., according to the size 
and character of the shipments. 

1. Drying Tests . — With steam-heated compartment with some controlled circula- 
tion of air and with special trays or buggies, it is practicable to dry large samples at 
nominal expense. This has been done with 1000-lb. ore samples in lead-smelting 
practice in order to speed up and make more accurate the further reduction in size to 
laboratory pulps, and with most successful results. In determining the value of a 
shipment, the moisture content is of prime importance. If a large sample is taken, 
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the moisture determination made can be relied on to a far greater extent than that 
made on the usual small grab sample. The determination should be checked by 
further drying the sample of the fines as it is cut down for the laboratory. In addition, 
the material is put in proper condition for further sampling operations. No expendi- 
ture for sampling can be made which will yield more benefit and valuable information 
per dollar spent than that for drying large samples. The results are convincing to 
both buyer and seller. 

2. Burning Tests . — Nearly all scrap-metal material contains some combustible 
matter. For example, in dyestuff residues, the combined moisture and combustilde 
matter may reach 66 per cent. It is evident that an accurate determination of the 
combustible matter or moisture plus combustible matter may be of greater importance 
in showing what the material is worth. Drying puts the sample in good condition for 
burning and these tests can be carried on best in a small cast-iron or steel kettle, with 
proper setting and with hood for taking away the smoke and fumes of grease and acid. 
There should be provided convenient storage for samples and floor space for cutting 
down the fines produced. With a small battery of such sampling kettles, the operat- 
ing cost, which is chiefly for labor, can be kept at a very reasonable figure. It is 
apparent that the cost for floor space and equipment is low. 

3. Rejection of Worthless Metal . — Any lead alloys or other metal fusible at low lieat 
which separate in the kettle can be segregated. Any worthless metal which can be 
detected by inspection can be picked out. Scrap iron can be removed with a magnet. 
A hand electromagnet with control switch is suitable for this work. It will operate 
in the same manner as a large lifting magnet and save expensive labor, besides making 
a better separation. 

4. Grinding . — ^After preparation of a sample as suggested, it is in first-class condi- 
tion for grinding preparatory to separation of coarse metallic pieces from oxides and 
other earthy material which can be ground fine. For this grinding a ball mill is 
indicated and has been tried out. The design must be special in that it must be 
possible to easily discharge the entire contents of the mill. The metallics, of course, 
come out clean and burnished and the fines ground to practically any fineness desired. 
The separation between coarse metallics and fines is sharp and after passing a suitable 
screen to hold back metallics, the fines can be cut down directly to laboratory pulps. 

5. Mdiing . — If the metallics obtained are too large in amount for a convenient 
melt, they can be fairly divided by quartering, after shearing the large pieces. It is 
evident that the melting operation will be quite different with clean copper, brass and 
bronze from that in which oxides, dirt, scrap iron and other miscellaneous material 
must be fluxed or matted. Probably the best furnace for melting is the ordinary 
coke-wind furnace with fan blast and ample stack, which was used by the Nichols 
Copper Co. at Linndale. The high-frequency induction electric furnace, using cruci- 
bles, would be suitable because of speed and good working conditions, but the cost 
of the power equipment for a furnace to handle 50-lb. samples is rather high at 
present. In connection with melting, it should be remembered that while the metal- 
lics can run to 100 per cent, of the sample, they ordinarily form a very much smaller 
percentage. Also, there is no necessity for melting, for sampling operations, any 
material that can be crushed fine. 

All of the procedure, together with the recording of the various weights, can be 
carried on in the works as matters of regular routine and with accuracy. The sample 
mill furnishes a clear record of the results on each lot and this, together with an inspec- 
tion report on the physical character of the material, gives a great deal of information 
before assays are made. This information is often of the greatest advantage in 
checking back. 

The sampling of lead-bearing scrap is similar to that of copper-bearing material, 
but the melting operation is easier; in fact, no crucible work is necessary, nor is it 
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advisable. I believe that sweating to metal and dross is preferable. The necessity 
of working with large samples is equally great, because of the varying character of 
the materials in one lot. The moisture content is extremely important; for example, 
the moisture and acid in scrap battery plates can easily range between 2.5 and 12.5 
per cent. 

The best method in my opinion for sampling scrap battery plates is that developed 
by the Pennsylvania Smelting Co. Briefly, in unloading, each fifth or tenth shovel is 
reserved for sample, and this amount is further reduced by reserving each second or 
third shovel, making the final sample 1000 to 1200 lb. The net wet weight of this 
sample is taken and it is stored until it can be worked. On treating in a small kettle, 
the moisture and acid can be expelled, the separators, and other combustible matter 
burned, rejected metal picked out, the metal melted down and the fines (mostly lead 
oxides and sulfates) skimmed off without being slagged. The metal is cast into pigs, 
after a sample bar has been taken. The fines are coned and quartered to 40 lb., 
which goes to a copper mill, is riffled and the small sample sent to a disk grinder. 
These operations separate the largo sample, at small cost, into metal, rejected metal 
and fines and determine the loss. The metal and fines are put into shape for accurate 
sampling and, with all weights available, composites representative of the lot can be 
made up in the laboratory for metal determinations. 

E. Fitzp.vtrick, New York, N. Y. — Mr. Wright says it is not necessary to take a 
sample of the slag from the clean metal melts, but we have found that we are taking 
a great chance if we discard any slag. When we first started melting these scraps, 
we did discard all the slag, but several times we throw away slag that afteiwards was 
proved to contain 3 or 4 per cent, of copper. In the last few years, we have sampled 
and analyzed every slag. 

I agree with Mr. Wright that it is very much safer to grind the samples; there are 
likely to be some pieces of foreign metal present, such as steel or perhaps some lead. 
A 20-gm. sample cannot be homogeneous unless it is ground to pass a 20-mesh screen. 
That is our practice. 

Of course, theoretically, mill sampling of ashes and material of that kind is the 
best way, but we have proved that hand sampling is equally good; in fact, in some 
ways it is really better, because the taking of samples can be watched from the begin- 
ning to the end and there is no chance of contamination. We made some tests last 
year on brass ashes and skimmings. We took three of each, and, as a regular sample, 
selected every tenth shovelful; then as we went along we took every fifth shovelful 
and called that the duplicate sample. In working those samples down all the way 
through, they checked within 0.3 to 0.4 per cent, on the average. That satisfied 
us very well on the hand sampling. 

One objection to the mill sampling is that the mill must be thoroughly cleaned 
after each milling, as there may be a large metallic portion of rich material in some of 
the corners which might be picked up in a later procedure. 

C. S. WiTHERELL, New York, N. Y. — Referring to the seventh paragraph of the 
chapter on Melting Equipment and Practice, wherein the author says that “the 
drillings should be mixed carefully before bagging, but it is rarely necessary to grind 
them,” I wish to partly confirm and elaborate upon Mr. Fitzpatrick’s remarks. 

If the metal is not too hard and the A. M. bar is flat and not too thick, a sawdust 
sample, which is excellent, can be easily made; such sample seldom holds together as 
unground drillings frequently do, consequently a thorough mixture is easily obtainable 
without much extra preparation. The saw cuts should be equally spaded throughout 
the length of the bar and should extend exactly halfway across if it is desired to keep 
the A. M. bar intact. For lead and equally soft metals a hand sample-punch may be 
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used, in wLich event the punch should be driven an equal number of times from top 
and bottom of bar. 

Drilling is the favorite, fastest and most widely applicable method for sampling 
bars, pigs, cakes, etc., of metal harder than lead, but frequently, if the metal lacks 
brittleness, the drillings appear as spiral shavings which entangle with each other and 
thus prevent adequate mixing; under this condition grinding has decided advantages. 

As the author states, drillings should be taken frorti all portions of the bar; to insure 
this it is well to place the drillholes according to template, preferably with ''checker- 
board^^ layout. This procedure is particularly advised for A. M. bars derived from 
non-alloying mixtures of metals which, consequently, are far from uniform in composi- 
tion. A favorite size of drill is about K hi.; larger sizes are slower and smaller sizes 
break easily. 

Grinding of copper-bullion drill samples is standard practice at all copper refineries. 
It is common to use a small grinder of disk or cone type, with chilled toothed grinding 
surfaces designed to tear the product with little or no attrition when set sufficiently 
coarse. Usually the ground shavings are first produced in fiake form, but, at least in 
one make of mill (the "Hance” mill handled by The J. H. Day Co.) the flakes can be 
rolled up into fine shot by simply running the mill backward for the final pass. This 
will make a thoroughly mixed sample of such nature that the whole quantity ground 
can be accurately cut down and divided for the retained (bagged) samples, and also 
insures that the subsequent sample weighed out for laboratory determination is 
entirely representative of the whole drill sample produced. 

Due to the extreme segregation of the precious metals in copper bullion, it is 
common to grind the whole or aliquot part of the drill sample until all passes through 
a specified mesh (usually 20 mesh) and then to separate the fines that pass through a 
specified finer mesh (40 to 60) ; the coarse and fine parts are weighed separately and 
then may be proportioned accordingly’- on the analytical scale pan or may be assayed 
separately and the combined assay calculated. With metal devoid of precious metals, 
it would seldom be warranted to pass all of the retained sample through a specified 
mesh as described by Mr. Fitzpatrick; but if the A. M. bar contains slag or other friable 
matter it may be weU to screen out the fines and handle in the same manner as is 
commonly done with copper bullion. 

A mill of the type mentioned is not costly and it requires only a few minutes and 
very little additional expense to put the drillings through the mill two or three times; 
the thorough mixing resulting therefrom would of itself warrant the extra manipulation. 

T. A. Wright (written discussion). — ^The word "rarely/' to which Mr. Witherell 
alludes, was poorly chosen; although more of such drillings have been assayed "as is" 
than as ground. The author agrees with the principle: the thought in mind was that 
many lots of scrap weigh from H to 3 tons, which is a small amount on which to spend 
time or money that may not be justified. However, money spent in the preparation 
of samples may be returned with interest in the laboratory. 

F. F. CoLCORD, New York, N. Y. — ^Arc the samples alway'-s coned and 
quartered down? 

E. Fitzpatrick. — Always. 

F. F. CoLCOBD. — Has the ridge method ever been tried instead of coning and 
quartering? In coning and quartering the sample, there is always the question as to 
whether the right amoimt of fines fall evenly throughout the cone and especially when 
the cone is worked down. Do you pull the apex one way or another? 

Years ago in the sampling of the silver ores from the Cobalt district^ there was a 
difficulty in that much of the value was in rather coarse metaUics. It was necessary 
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to find a means that would prevent the throwing of the apex of the cone in one or 
another quarter. The so-called ridge method was therefore devised. 

The sample might be anything to start with; say a fifth of the original ore was 
taken out by shovel sample and piled in a ridge, then, starting at one end of the ridge, 
the material was shoveled to the right and to the left, forming two ridges. These 
ridges were thrown back into a single ridge, then one shovelful was thrown to the right 
and one to the left until the sample was halved. One of the halves was divided by the 
same method, giving two quarter samples. 

E. Fitzpatrick. — I am afraid the metallic would be too coarse. 

T. A. Wright. — Secondary metals today are sold on a very narrow margin of 
profit and handled, as I see it and well believe, by the refinery on a very narrow 
margin, so that we try at all times to keep the sampHng at a minimum cost. The slag 
question depends somewhat on the difference in practice; one refinery will add con- 
siderable flux, another will not. If an ordinary No. 2 wire or No. 2 copper, heavy, 
clean brass, or something like that, is taken to a copper refinery, because it has alumi- 
num in it and the brass foundry will not take it, our experience has been that the 
amount of slag is very small. 

I know the Nichols Copper Co. is very particular about the slag, and I have often 
wondered why the expense seemed justified, because I have seen cases in which the 
correction in the analysis w’as 0.07 and 0.08 of a per cent.; within the limits — far below 
the limits, at which a split could be made. 

In regard to grinding the drillings, I had in mind there also our experiments over a 
long period of time in the higher grade material in which we have been running 2-gm. 
portions against 40-gm. and finding excellent checks. 

As for the mill sample, I think that is something for the future to bring out as to 
its efficiency. I am mentioning it, but not endorsing it. I think it has possibilities, 
yet I think there are faults in regard to cleaning which complicate it. It is absolutely 
necessary for the large metallics to be taken out before the sample goes to the conveyor. 

C. O. Thieivib, Detroit, Mich. — What is done in the refining, or rather in the 
analysis of terne plates and tin-plate drosses, particularly wet dross of which a sample 
is sent to the laboratories and washed through by decantation? How does the umpire 
or the referee analyst handle the soluble losses of the tin and how does he account 
for it? 

T. A. Wright. — That particular material is one of the things we dread to see come 
into the laboratory, and all too often we receive only a small sample, an 8-oz. bottle, 
or something like that. We try to get it down to a 2-qt. jar, which is mixed up in a 
sort of rule-of-thumb way in a big crock, stirred, and allowed to settle and decanted off. 
It must be evaporated down, which is a very tedious operation. We do not find 
much tin in the solution, as a rule, but tests should be made for it. 



Significance of the Simple Steel Analysis 

By Henry D. Hibbard,* Plainfield, N. J. 

(Henry Marion Howe Memorial Lecturetl 

At the beginning of a Henry M. Howe lecture it seems fitting to refer 
to Howe’s great contributions to steel metallurgy, and particularly to the 
literature thereof. Most of my predecessors in this role have been able, 
from their association with him, to give direct testimony as to his great 
services; but although connected with Mm for years in a business way, I 
am less familiar with what might be called his academic side, except as 
it is embodied in his utterances, written and oral. Howe was adept in 
his genial way in extracting information in any line wMeh, at the time, 
was of interest to him. 

In a technical lecture one expects as a rule new knowledge — sometMng 
about recent advances relating to the subject. On this occasion, how- 
ever, I will ask you to go back with me to the primary department of 
steel lore, as the title of my lecture shows, to review the more funda- 
mental features in that field for the purpose of seeking some gaps which 
we can fill and so give the subject renewed interest. In thus going back 
one must inevitably repeat many familiar facts, but that seems 
to be necessary in order to reach a clear understanding of the 
unrecorded matters. 

The full interpretation of a steel analysis is at present unattainable, 
though much progress toward that end has been made. The ultimate 
analysis, giving the percentages of the five commonly determined ele- 
ments, does indeed usually give a fair idea of what the steel is, and is 
ordinarily enough, with knowledge of its history and physical condition, 
to enable it to be assigned to some purpose or use for which it is reasonably 
suitable. But discrepancies arise. 

Every maker and every user of steel knows, from at least occasional 
examples in his own experience, that the ultimate analysis is insufficient 
by itself to enable one to tell positively, from its interpretation, either 
the mechanical properties of the steel or its adaptability to the purpose 
for which it was made. Further, if, while having the specified composi- 
tion, it is abnormal or unsatisfactory, why it is so. Good, bad and 
indifferent steels may have substantially the same ultimate analysis. 


* Consulting Engineer. 

t Presented at New York meeting, February, 1928, 
060 
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The inconsistency of being better than expected, which means higher 
tensility or ductility or endurance in resisting shock or fatigue, some or 
all, comes as a rule from exceptional purity or freedom from harmful, 
or poisonous non-ferrous but undetermined ingredients. The incon- 
sistency of being worse than the composition seemingly warrants may 
be due to one or more of a great number of physical and chemical causes 
which are included among the ills of steel. Some of these matters we 
are now to consider. 

The crucible-steel maker of the last century exclaimed, “If you put 
the devil in the pot, the devil will come out of it.” He had some justifi- 
cation for his opinion, as practically no oxidation or purification took 
place in the crucible, and the quality of the product depended chiefly 
on the purity of the melting stock used. Now, what is put into a steel 
charge, particularly in a basic furnace, while it must be suitable within 
limits, determines only in part what it is to be, and what service it is 
suitable for. 

The commonest case of change in properties without change in 
composition is, of course, that of the ingot and the bar rolled therefrom. 
Heating and hot working improve the mechanical properties of practi- 
cally all steels without appreciably changing the ultimate analysis. 
Up to certain limits, the more the work, the greater the improvement. 

On this occasion we will limit our attention to plain or simple 
untreated steels and chiefly to those made by the open-hearth process. 
When bessemer, crucible or electric steels are referred to, the fact will 
be stated. Alloy steels, as well as heat-treated and cold-worked steels 
with their vast number of variations, must be reserved for the future. 
The upper limits of the five elements are taken to be: carbon, 1.6 per 
cent.; manganese, 1 per cent.; silicon, 0.6 per cent.; sulfur, 0.15 per cent.; 
phosphorus, 0.12 per cent. 

Value of Ultimate Analysis 

How far short the ultimate analysis may fall of telling the mechanical 
properties, a glance at Table 1 will show. This table gives approximately 
the maximum effects on tensility which may be and are effected by car- 
bon, heat treatment and cold working, and shows the great extent of the 
field occupied even by simple steels. As a standard for comparison, 
Swedish wrought iron, considered as the purest iron obtainable, and hav- 
ing a tensility of 45,000 lb. per sq. in., is taken. The analysis is the same 
for all excepting the iron, but the variations in strength are exceed- 
ingly great. 

By a full interpretation of an analysis is meant, among other things, 
that, given the composition, the mechanical properties could be told; 
that is, that chemical attributes would be convertible into physical. 
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Table 1. — Extreme Increases in Tensility of Plain Steel Due to Carbon, 
Heat Treatment, and Cold Working in Pounds per Square Inch 
In Each Case the Steel Has Been Hot-worked 


Description 

T. S. 1 


Increases Due 

Iron (Swedish) 

Iron plus 0.9 per cent, carbon 

Iron + 0.9 per cent, carbon + heat 

45,000 

150,000 

To carbon 

105,000 

To heat 
treatment 

To cold 
working 

treatment 

Iron + 0.9 per cent, carbon + heat 

300,000 

105,000 

150,000 


treatment + cold drawing 

500,000 

105,000 

. 150,000 

200,000 


The tensility of 500,000 lb. per sq. in. is reached in small sizes of wire. 


The converse of this is not true, of course, because various combinations 
of ingredients in different steels may give substantially the same physical 
or mechanical properties. 

The differences existing between the properties of different pieces of 
steel of good quality, and of the same composition, are usually imparted 
by variations in the working and treatment they have undergone and 
only in a slight degree by variations in the undetermined impurities 
or ingredients. 

In steels of inferior quality, on the other hand, while differences may 
be due also to working and treatment, they will be caused in a much 
greater degree by variations in the undetermined constituents. 

An individual piece of steel may contain a flaw from which the 
next piece is free, but the matters that we have to consider are particu- 
larly those which relate to the metal itself and affect more or less all 
parts of the ingot. 

So of two steels, perhaps from different sources, one may have better 
properties with inferior composition while the other has poorer proper- 
ties with better composition in the common acceptation of the effects 
of the non-ferrous ingredients. For example, given two steels other- 
wise similar, the one with higher phosphorus content may be more 
ductile than the other with lower, just the opposite of what would be 
expected from the acknowledged effect of phosphorus in steel. 

This statement of the inadequacy of the ultimate analysis is not 
confuted by the practice of using a formula to estimate some of the 
mechanical properties of some certain grade or kind of steel from its 
composition at some one steel plant where some particular variation of 
process is aimed to be followed, and the practice is, within limits, faMy 
regular; being, relatively speaking, more or less good. In such a case 
each element may be found to have an influence which is constant 
enough to be of some value in calculating the properties. But at some 
other works a different formula is required, and at any works a different 
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formula is demanded for acid steel from that applicable to basic. It 
is perhaps the undetermined constituents which chiefly interfere with 
the general use of some one formula. 

Let us state some of the shortcomings of the ultimate analysis : 

Shortcomings of the Ultimate Analysis 

1. Such an analysis is incomplete. The undetermined constituents 
may be classified into harmless and harmful; conceding, of course, that 
they are present only in such proportions as actually exist in commercial 
plain steels. 

The harmless undetermined ingredients include copper, arsenic, 
nickel, cobalt and aluminum, whose effects on the properties of plain 
steel are so small as to be of slight importance. 

The harmful ingredients are the oxides, silicates and gases. Oxides 
are probably more prevalent in unfinished, and silicates in finished steel. 
The gases that injure quality are those which have formed holes in the 
metal. It seems likely that, in ordinary cases at least, gases in solution 
have little if any effect on the properties, but evidence on that point is 
incomplete. We do know, however, that steel may be killed, pre- 
sumably by keeping its gases in solution, and have good physical and 
mechanical properties. The lack of a good practical method for deter- 
minating oxygen in steel is commonly deplored. 

2. For the elements which are determined an ultimate analysis is 
not enough, because, as we will see in Table 3, every one of the elements 
which enter into the composition of steel occurs at times in more than 
one state. Thus an element may be present as such, or may be alloyed 
with iron, or be combined with iron, or combined with some non-ferrous 
element or elements. Of course, no one element is or can be present in 
all of the four states. The ultimate analysis does not teU the numerous 
proximate ingredients formed by the elements in combination. To 
determine their compositions and amounts would be a substantial step 
forward, but only a step. In one state an element may have a beneficial 
and in another a harmful effect on the finished steel. 

3. The ultimate analysis tells nothing of any elements, which have 
. been contained or added, which have performed their beneficial service 
and in so doing have left the metal. A part or aU of any silicon, alumi- 
num, titanium, vanadium and manganese which may have been in the 
molten metal, either residual or added, may have so acted. When 
alloys have been added for such action the steel may be considered 
as being alloy-treated but still included in the category of simple or 
plain steels. 

4. The manner in which the ingredients occur and are distributed 
in the metal is not told and on this its quality largely depends. Full 
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knowledge of the constitution of the steel must include this, for which 
end one employs the microscope rather than the bcalccr. Of internal 
defects which are not flaws such as welded gas holes, hard spots, collec- 
tions of sonims and ghosts which more or less impair the mechanical 
attributes of a test piece in which they or some of them occur, the ulti- 
mate analysis gives no indication. 

5. The part of the ingot from which the chemist’s sample has been 
taken is often not known, especially when the analysis is made in the 
endeavor to find out why a certain abnormal steel is as it is, either 
notably good or notably bad. 

A ladle sample properly taken represents the average of the heat well 
enough but if drillings for analysis are from a finished piece, the part 
of the ingot from which they came should be known, because of ghosts 
and regional segregation. If from a part rich in segregate, the figures 
obtained for carbon, sulfur and phosphorus will be higher than the 
average, and so mislead. 

With enough silicon in the steel to kill it, say 0.25 per cent, or more, 
or some equally effective gas solvent, the constituent non-ferrous ele- 
ments segregate but little, and the sample is likely to represent the 
average fairly well. But in steel partly killed or rimming, segregation 
is pronounced and the part of the ingot from which the drillings are 
taken should then be known. The larger the ingot, the more important 
this is. When less than one foot square, segregation is not as a rule 
important, and never so when the steel is killed. 

6. The ultimate analysis gives no clue to the effects of improper 
casting temperature, which may be the direct cause of many short- 
comings in the steel. 

7. If the ultimate analysis were extended to meet all these short- 
comings, so that one could know fully and exactly what was in the steel 
and how, a manifest impossibility, the evaluation or net effect of the 
whole on' the properties might stiU he beyond us. Any mechanical 
defect occurring in steel may be due, of course, to causes in no way 
dependent on or connected with its composition. 

Interpretation of Analyses Unsatisfactory 

Inability to interpret analyses is an important reason why much 
that is written about steel is of little value to the steel maker. He 
reads of results obtained from and of properties possessed by some 
steel perhaps of a new kind, or for a new purpose, designated by its 
ultimate analysis, but questions arise in his mind as to what it really is 
and how it was made. The lack of answers leaves the matter quite 
ambiguous. He knows that duplicating the analysis will not insure 
duplicating quality. The analysis alone tells him but little of the details 
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of the furnace practice by which the steel was produced, and even if 
the outline of the methods were given trial alone will tell him how to 
imitate it. 

Discrepancies between composition and quality may exist either in 
sporadic cases, that is in single pieces or heats, or in classes, by which is 
meant the more or less regular product from particular practices 
or methods. 

At this point let us assert that iron is iron. There is but one chemistry 
of iron as of eveiy other element. But claims were formerly made that 
iron in one ore was better than iron in some other. I myself have heard 
a salesman make such a claim in advocating the merits of certain direct- 
process wrought-iron blooms made in northern New York to be used as 
melting stock for acid open-hearth steel. Now, perhaps, such a state- 
ment would be too much even for a salesman. 

The properties possessed by iron or steel depend on furnace practice, 
which controls the presence and condition of its non-ferrous ingredients, 
both known and unknown, on methods of casting, hot and cold work- 
ing, and heat treatment. 

A perfect piece of steel, strictly speaking, never has been and cannot 
now be made. That is, no piece has desirable properties so supreme 
that it can be definitely and incontrovertibly maintained that no other 
piece can ever have better. Considering it only in the annealed state, 
a perfect piece of steel would contain no harmful chemical ingredient, 
would be perfectly homogeneous, would corrode uniformly in water and 
dissolve uniformly in acids, would have no internal stresses, and would 
be free from flaws or other mechanical defects. As a consequence of 
all this, it would have the highest mechanical and physical properties 
its composition could give. If a perfect piece of steel were made it 
could not be recognized as such and then it would be perfect, that is, 
best, for only limited and particular purposes. 

The number of variables which enter into the production of a piece 
of steel is so great and the distinguishable degrees of each variable are 
so numerous, that by pennutation the number of cases, each differing 
noticeably from all the others, is seen to be practically infinite. Then 
the variations in structural characteristics of each individual piece would 
multiply the possible number of differing cases by another equally great 
number. Then, if our imaginary perfect steel were to be heat- 
treated, a further lot of variables, which are outside our present subject, 
become active. 

As a corollary to this aspect of perfect steel, it follows that no two 
pieces of steel ever were or can be exactly alike. While all have ills, 
they differ in any given piece in kind or degree from those in every other 
piece. Absolute uniformity is unattainable even though practical 
uniformity may be. 
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To pursue our subject, let us take first unfinished molten steel in the 
furnace, following with finished steel, and specifically, unless otherwise 
noted, basic steel made by the excess-of-pig method, which involves an 
excess of carbon in the bath metal to be oxidized and boiled out. 

Unfinished Steel in the Furnace 

The term “finished steel” has different meanings to the different 
workers who handle it, each considering it finished when he has per- 
formed his part. Thus to the steel melter, it is finished when it is solid 
in the mold, its composition being then fixed. From the roller’s stand- 
point it is finished when in the rolled bar, sheet or plate, the rolling opera- 
tion changing its form and mechanical properties but not its composition, 
except that perhaps a little of the carbon has been taken from the skin 
metal. The forgeman’s point of view is similar to the roller’s. To the 
heat-treater, finished steel is that to which more desirable properties 
are given by heat treatment, together sometimes with incorporation of 
additional carbon in parts, and is ready for the machine tool or grinder. 
To the machinist, it is finished only when it is ready to take its place as a 
part of a machine or structure. 

The molten metal of the bath before the final additions contains some 
carbon, manganese, sulfur and phosphorus as well as a minute quantity 
of what the chemist reports, if he determines it, as silicon, though, if the 
charge has boiled, it undoubtedly exists there as oxide of silicon. The 
other four elements mentioned are those which are or may be determined 
to enable the heat to be properly finished. In the metal are also certain 
other oxides, notably those of iron and probably of manganese, which 
are not determined but are judged indirectly from the character of the 
boil, nature of the slag, and the fracture of a broken test piece, the con- 
tent of carbon in the metal being taken into account. In the metal are 
also certain gases, some in solution and some in process of formation, 
the latter being the oxides of carbon with possibly some ammonia in the 
harder steels. 

The free boil of the bath is thought to rid the metal to some extent of 
itt non-metallic impurities as well as an important part of the gases, 
which would be retained if the bath were to lie comparatively dead. The 
gases then remaining may be easily- kept in solution by suitable fresh 
additions of silicon contained either in crude iron or ferrosilicon. 

Additions to the Bath 

In finishing a charge of steel, additions of metals, other elements and 
alloys, are made to it for the double purpose of (1) giving the finished 
metal the composition and so the properties desired, and (2), preventing 
or at least diminishing in some degree impending defects, particularly 
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red shortness, cold shortness and gas holes. These additions to simple 
steels always contain some carbon and manganese, usually some silicon, 
and may include aluminum, titanium or vanadium, one or more. Each 
of these elements, if added, is put in for some definite benefit to the 
metal. Collectively they are to suppress or at least diminish the harmful 
effects of oxides, silicates, sulfides, gases and segregation in the finished 
steel as well as to give the physical and mechanical properties desired. 
Their individual effects are set forth in Table 2. No two elements have 
identical roles. 


Table 2. — Statement as to Whether or Not Bach Elemerd Added to Simple 
Basic Steel is for Favorable Effect on Each Feature Noted 


Elements 

1 Oxides 

1 

Silicates ! 

Sulfides 1 

Gases 1 

, Segre- \ 
gation 1 

Mechanical 

Properties 

Carbon 

No i 

! No 

No 

: No 

No 

Yes 

Manganese 

Yes 

Yes 

Yes 

No 

No 

Moderately 

SiKcon 

Yes ! 

S Yes 

No 

j Yes 

Yes 

Moderately 

Aluminum 

Yes 

i No 

No 

i Yes 

Yes 

No 

Titanium 

Yes 

Yes 

No 

1 Yes 

Yes 

No 

Vanadium 

Yes 

1 Yes 

No 

1 Yes 

No 

Moderately 


The elements aluminum and titanium, which are not added for direct 
effect on the mechanical properties, do indirectly have good effect on 
them by their action on the harmful impurities. 

The purposes of the added elements in acid steels are the same except 
that silicon and titanium are not added to such steel for the elimination 
of silicates. In acid steel the manganese supplies the basic oxide needed 
for that purpose. 

Carbon added would have a beneficial effect on the oxides in the bath 
metal by reducing some of them, in part at least, were suflScient time 
allowed, as it does in certain variations; but as ordinarily added the time 
thereafter is too short for it to have a noticeable effect on them. 

Of the added elements, those which, when combined with oxygen, 
evolve more heat than iron per unit of weight will be oxidized and so 
consumed, wholly or in part. Carbon, even though its calorific power 
of 8100 cal. per kg. when burned to CO 2 is the greatest of all, seems to be 
an exception to this rule when enough silicon (which has a power of 
7595 cal. per kg.) is present to kill the metal, which usually requires 
0.25 per cent, or more. The silicon then seizes all the oxygen entering 
the metal because, in such an environment, and at such a temperature, 
carbon is oxidized, if at all, only to carbonic oxide (CO) in which case 
it generates only 2430 cal. per kg. 

All the other elements named in Table 2 have greater calorific power 
than iron and therefore, after being added, are oxidized as stated, so 

VOL. 76 .- 43 . 
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that an excess of each beyond that desired in the finished steel must 
be added. 

The oxides formed from the additions are precipitated and they then 
agglomerate or coalesce with each other more or less completely in the 
well-known manner, the larger ones floating to the surface and merging 
with the slag, while the smaller, which rise too slowly for this in the time 
allowed, may be retained in the metal as sonims or non-metallic inclusions. 
As is the rule in chemical precipitations, agitation or stirring of the bath 
is helpful to aid the precipitated non-metallic matter to collect into large 
enough particles to rise ; followed by a quiet period to allow them to do so. 

Any copper, nickel, arsenic, or other element present or added, whose 
calorific power when oxidized is less than that of iron, is protected by the 
latter from oxidation and will persist in the steel. Any sulfur added 
which contacted with and so combined with iron would also be retained 
but for another reason; namely, because its affinity for iron at the bath 
temperature is greater than it is for oxygen. It does, of course, combine 
with manganese to some extent, the sulfide formed being insoluble in 
the metal so that its particles either escape to the slag or remain in the 
metal as sonims. 


Solid Finished Steel 

Next we will consider the constitution of soHd, finished, though raw 
steel. Table 3 gives the non-ferrous constituents which may exist in 
it, showing that a piece even of simple steel may be quite a complex 
affair. The table contemplates only such concentrations as actually 
occur. An unduly high percentage of any element may be harmful 
whatever its state, or at least may render the steel unsuitable for its 
intended use. 

While perhaps any of the gases, solubles and insolubles, shown in 
Table 3 may exist in any ingot of simple steel, the proximate ingredient 
which contains each of the five elements of the usual analysis is not 
ascertained. Table 3 shows therefore yet more of the reasons why such 
an analysis may give unrehable information about quality. All insolu- 
bles in steel, whether gases or solids are harmful. As already stated, 
the effect of any gases which are in solution in the metal is unknown. 

There are also differences in effect of some of the ingredients according 
to whether they are residues of those in the charge materials, or are 
added later, as at the end. These effects may be their action on either 
the gases, or liquids or solids of the molten metal. Thus residual man- 
ganese and silicon may have had effect on the non-ferrous solids and 
liquids in the metal, particularly on the oxides, by furnishing other 
oxides for fluxing them as already described. The same elements may 
have checked the boil and so retarded the escape of harmful gases. 
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The true value of the ultimate analysis must be admitted, of course, 
for it is used almost universally in assigning steels to uses for which they 
arc suited. But in that case it is supplemented by other knowledge of 
the metal and particularly of previous results obtained by the method 
by which the steel was made. No way appears, however, for detecting 
any abnormal heat of the specified composition which may result from 
slips or changes in conditions, such as whether the furnace is new or old, 


Table 3. — Occurrences of Non-ferrous Elements in Simple Ingot Steel 
State or Condition and Effect 


Elements 

Gases 

Solubles 

Insolubles 

State 

Effect 

i 

State 1 

1 

Effect 1 

i 

State 

Effect 

Carbon 

CO 2 , CO in 

Harmful 

Carbide j 

Useful ! 

Graphite j 

Harmful 


gas holes 


CO and 

? 

1 





CO 2 


1 


Manganese 



Alloy 

Useful 

Oxide ! 

Harmful 






Sulffde 1 

Harmful 






Silicate | 

I Harmful 

Silicon 



Alloy or 

Useful 

Silica 

Harmful 




Silicide 


Silicates 

Harmful 

Sulfur 



Sulffde 

Mostly 

Manganese 

Harmful 





harmful 

Sulfide 


Phosphorus 



Phosphide 

Mostly 

Phosphate 

Harmful 





harmful 

1 


Arsenic 



Airsenide 

Neutral 



Oxygen 

CO and 

Harmful 

Ferrous 

Harmful 

SiOz 

Harmful 


CO 2 in 


Oxide 


MnO 

Harmful 


gas holes 


FeO 


FejOi 

Harmful 






Silicates 

Harmful 

Hydrogen 

Gas holes 

Harmful 

Solution 


- 


Nitrogen 

N, NHa in 

Harmful 

Nitride 

Harmful 

Nitride? 

Harmful 


gas holes 






Aluminum 



Alloy 

Useful 

Oxide 

Harmful 






Silicate 

Harmful 

Titanium 



Alloy 

Useful 

Oxide 

Harmful 






Nitride? 

Harmful 


changes in the composition of the crude iron, proportion of crude iron 
in the charge, changes in the final additions or in fuel, weather or men. 
The practice at one plant cannot be duplicated in toto at some other. 
Every steel maker in starting to work at some new (to him) plant finds 
that he has something to learn. 

So a formula for calculating properties developed and used at one 
works cannot safely be assumed to be applicable to steel made at another 
from different ores, iron and scrap, with other fluxes and additions and 
under other conditions. It is not so reliable a method as to be a sub- 
stitute for an actual test. 

We will next consider the functions of each of the five elements 
which comprise the ultimate analysis. 
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Function op Caebon 

The great function of carbon in steel is to increase its tensility and 
hardness, first in its natural state and, secondly, to still further greatly 
increase those properties in heat-treated steel. This relation of carbon 
and iron is wholly unique in Nature, no other two elements having any- 
thing like the same effect on each other. The usefulness of this effect 
or relationship to mankind can hardly be overrated. 

In annealed hypoeutectic steel, carbon exists combined with iron 
to form the metaral cementite, as is wcU known. That is its usual 
state. In the ingot, cementite is likely to be concentrated or segregated 
in some measure in the interfacial matter between the grains, causing, 
with other segregated ingredients, the weakness, lack of ductility, and 
other shortcomings known as ingotism. The resulting structure is 
characteristic of the higher carbon steels, and the larger the ingot, the 
more pronounced it is likely to be, because of the slower rate of freezing 
which affords time for the metal to reject the ferrous compounds and 
non-metallic ingredients. 

For this reason ingots of the order of 50 or 100 tons weight are cast 
in iron molds to expedite cooling rather than in sand molds which for 
certain reasons would otherwise be preferred. Proper heating and hot 
working tend to correct or cure ingotism in ingot steel. In steel cast- 
ings, suitable annealing will do so by causing the reabsorption of carbon 
from the cementite by the purer metal of the grains. 

In hypereutectic steel, carbon sometimes separates in part from 
the iron in the form of graphite, in which state it acts like so much 
foreign matter, highly injurious to the quality. This occurs only in 
high-carbon steels, perhaps only in those containing over 1 per cent. 
The higher the carbon, the greater the tendency to separate. Such 
formation of graphite is generally caused by improper heating; specifi- 
cally, holding the steel too long a time at a temperature just above the 
hardening point or about 720“ C. 

Any carbon combined with oxygen as carbonic acid or carbonic 
oxide and dissolved in steel of course would be included with the .carbonic 
acid formed by burning the carbon when that element is determined by 
combustion. The amount, however, is probably too small to be detected 
by weight. Some investigators of the gases of steel have found so little 
of these gases that they have concluded that they are insoluble in solid 
steel. The killing action of silicon and aluminum seems nevertheless 
to be based on solution of the gases which* if true, indicates that some 
of them must be in the metal though in what state is a matter for specu- 
lation. Evidence about these gases is needed. 

Carbon in iron as carbide also has a far greater effect in lowering 
its fusion point than has any other element— about 90° C. for 1 per cent. 
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Carbon in steel is also the direct cause of the mushy stage through 
which steel passes in melting or freezing, as shown by the carbon dia- 
gram. With practically no carbon, as in ingot iron, the lines denoting 
the beginning and end of fusion come together at about 1530° C., at 
which pure iron melts. They again come together when the carbon 
content is about 4.3 per cent, and the temperature is 1136° C. Between 
these limits of temperature and carbon, the metal is a mixture of solid 
and molten constituents of a mushy or plastic consistency. 

Function op Manganese 

Manganese alloys with iron in all proportions, and foims a part of 
every kind of steel; it has been knowingly used for such purposes for 
nearly a century. Yet its functions even now are not fully understood. 
It has some effect in finished steel, but its action or behavior in the 
metal before and during easting are what largely determine its effect 
on the product. In studsdng these effects of manganese one must 
consider it in the charge materials, as residual, as added, and in the 
finished steel; then its four known functions in the bath and ingot; 
then its variations in killed, partly killed and rimming steels; then in 
the acid and basic processes; then in its minor attributes and in indi- 
vidual steels. Thus by permutation we have a large number of cases 
of manganese in the different kinds of steel, and in their various stages 
of progress, at least to review, even though we shall find that many of 
them are alike. We can refer now only to a few typical or outstand- 
ing ones. 

In the Charge 

If the steel is to be killed, manganese in the original charge materials 
should average over 1 per cent. For rimming steel it need be but half 
as much. 

General Effects in Molten Steel 

Manganese is the great preventer of red shortness, because of its 
inhibition and elimination of. oxides of iron in molten steel, which it 
accomplishes, first, by intercepting and combining with entering oxygen 
which might otherwise form them, and second, by reducing those already 
formed to metallic iron, an equivalent of manganese oxide (MnO) 
being thereby formed in either case. This oxide is insoluble and there- 
fore harmful to the quality; it calls for elimination, which requires that 
it be combined with an acid, which, by fluxing it, will form a product 
that will collect into particles large enough to float out. In the acid 
process there is usually emulsified silicic acid in the bath metal, which 
serves this purpose. In the basic process silicon should be added, which 
will, by its oxidation, form the acid needed. 
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In molten steel manganese has some solvent power on the contained 
gases or some of them, though not great enough to be of much help in 
preventing the formation of gas holes and so killing the metal. Through 
this property, together with its superior affinity for oxygen, it has some 
quieting effect on the boil during decarburization, exercising therein a 
somewhat obscure function. It also lowers slightly the fusion point of 
the metal. 

Manganese may also effect a partial elimination of sulfur from the 
molten metal by decomposing sulfide of iron, forming insoluble sulfide 
of manganese, a part of which may reach and mingle with the slag; 
with which, however, it is immiscible. 

Residual Manganese 

With the percentages mentioned of manganese in the charge, some 
will remain in the metal at the end of the heat, which shows that some 
has been present throughout the melt where it has served to limit the 
concentration of iron oxides in the metal. For the best results, this con- 
tinued presence of manganese is essential whatever the kind of sled. 

For killed steel there seems to be no reasonable upper limit to the 
amount of residual manganese that may be in the metal at the end with- 
out harm, if not with benefit to the quality. I say “there seems to be,” 
because, as manganese has a quieting effect on the boil and a proper boil 
may aid in the elimination of harmful non-metallics and gases, it is at 
least conceivable that the quiet boil resulting from excessively high 
residual manganese, say over 0.5 per cent., may be prejudicial to the 
quality of the product because of these retained impurities. This is, 
however, conjectural. Every steel melter wants what he considers a 
nice boil, or sequence of boils, of the bath, but can give no reason for his 
desire except that he finds that with such boils his results are best. 

For effervescing rimming steel less residual manganese is needed than 
for kiUed and therefore less in the charge materials. The best percentage 
is not yet definitely determined, but in the common grades of basic steel 
lies probably between 0.10 and 0.20 per cent. It should be distinctly 
less than for killed steel as a more lively boil is needed. To decide what 
is best we need among other things full knowledge of the gases of low- 
carbon and low-silicon unfinished steels; both what they are and how 
they behave. This knowledge is almost wholly lacking. Acid 
steel that rimmed in well has been made with but 0.01 per cent, 
residual manganese. 

It seems probable that a proper boil eliminates some of the gas which 
forms skinholes in the rimming steel ingot. On the degree of concentra- 
tion of this gas in the metal depends the depth in from the surface at 
which it begins to separate in bubbles, which form holes, and on that 
depth much depends. 
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With high residual manganese, say 0.25 per cent., carbon in the metal 
may bo oxidized only slowly and with difficulty below 0.12 per cent. 
This seems to bo due to the power of manganese to seize much of the 
oxygon entering the metal, even though its calorific power when oxidized 
to MnO (1653 cal. per kg.) is less than that of carbon when o.xidized to CO 
(2430 cal. per kg.). 

In basic steel residual manganese is likely to be reinforced by some 
reduced from oxide in the slag by carbon in the metal. Some of this 
oxide may have come from ore added to supply oxygen. As much as 
0.2 or 0.3 per cent, of manganese may be so reduced. In acid steel this 
is much less likely to happen, and when it does it is in smaller amount, 
less than 0.10 per cent, and only in charges containing at least 0.5 per 
cent, carbon, which are held molten in the furnace for hours without 
addition of oxides. 

Added Manganese 

Manganese added at the end of a heat may not alw'ays clean the steel 
of oxides as completely as it should, either because the amount is inade- 
quate, which is seldom the case, or the time elapsed after its addition is 
too short. Of the manganese added, some is oxidized by oxide of iron 
in the slag and is so wasted except for its equivalent of iron, which it 
reduces to the metallic state. Some is oxidized by oxides of iron con- 
tained in the metal in exercising its therapeutic function and that part is 
of the utmost utility and importance. The remainder, which comprises 
the bulk of it, is alloyed with the iron of the charge to give the concen- 
tration desired in the finished steel. .This excess, which is necessary to 
insure that the destruction and elision of the oxides of iron in the metal 
be reasonably prompt and complete, together with the residual manganese 
and any contained in silicate and sulfide sonims in the sample, the chemist 
reports as manganese. The analysis tells the amount but not its story. 

Added Manganese in Rimming Steel 

To low-carbon effervescing steel to be rimmed manganese is added 
at the end solely as a physic, or specifically to prevent red shortness, and 
not for any effect on the mechanical properties. For most uses the pro- 
portion aimed at should be about 0.4 per cent, in the finished steel. More 
than that, say over 0.5 per cent., may, through its solvent power on the 
gases, or some of them, check their escape and so inhibit the churning 
action in the mold which is necessary for it to rim in properly. As a 
consequence, the steel may rise in the mold, which is always a sign that 
gas holes are forming. If it rises immediately after teeming these are 
harmful skinholes. In the pig and scrap method, when ore has not been 
used for decarburization, less manganese will serve, or from 0.25 to 0.30 
per cent. 
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If the boil in the furnace at the end is unduly vigorous, a small 
increase of manganese added may be beneficial, while if the boil is too 
gentle, ore is needed. 

Steel for making welded pipe must rim in acceptably, though as 
regards welding a considerable latitude in manganese, say from 0.35 
to 0.45 per cent., is allowable. 

Low-carbon steel cast too hot may rise in the mold and be worthless 
because of skinholes, even though the manganese be as desired. 

Finished Manganese 

In weU made finished simple steel of any grade, manganese raises 
tensility about 150 lb. per sq. in. for each point contained. Increasing 
manganese, within limits, enables steel to endure without harm a higher 
temperature when heated in a furnace for hot working. This latter 
effect, however, may be indirect and due to better deoxidation by the 
higher manganese, and consequently more complete freedom from red 
shortness, rather than to the manganese itself. 

In killed and partly killed finished steel which is not to be hardened 
and tempered, the manganese content, which is usually the greater part 
of 1 per cent., is more than has really been needed for good quality, the 
excess being added to make up in a way for insufficient time after the 
final additions were made. 

For steel to be hardened and tempered as it is in many tools, man- 
ganese should be lower; the percentage depending on the bulk of the piece 
to be quenched and the carbon content. When the steel has over 0.9 
per cent, of carbon and the piece is massive, say several inches thick, 
the manganese should not exceed 0.3 per cent. Such steel must be made 
with due regard to quality and treatment and ample time must be 
allowed for the manganese to do its work. With higher manganese the 
piece is in danger of cracking in the hardening quenching. This 
danger becomes less as the carbon and thickness (or either of them) 
are diminished. 

Lower manganese than expected in the finished steel, if due to an 
overoxidized bath, may be a sign of a tendency toward red shortness, 
while if due to increased lapse of time after the final additions were made 
it may indicate well deoxidized steel. In the latter case it may be due 
to an intelligent and successful effort to compensate for an overoxidized 
bath by allowing additional time for the manganese to do its work, more, 
but perhaps not enough, being added usually in an effort to compensate 
for that oxidized in the metal and slag. So a steel abnormally low in 
manganese may be of ordinary, or inferior, or excellent quality. The 
percentage of manganese determined by the chemist, does not tell which. 

In the olden days much poor steel was made in the effort to give it, 
when finished, the specified content of manganese, and, at the same 
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time, to be economical of ferromanganese. So the time after the manga- 
nese was added was likely to be cut too short for its proper effect, and 
a red-short tendency resulted. It was not generally recognized that 
it was the manganese utilized as noted which cured red shortness rather 
than that remaining in the finished steel. 

The practice of adding manganese in the ladle instead of in the 
furnace, as had been customary, was introduced at that time for pur- 
poses of economy. When manganese is so added it must be done intelli- 
gently, with due regard to its functions, or the quality of the product 
may be inferior. 

Four Functions of Manganese 

The four principal known functions of manganese in the acid process 
are then: 

1. To cure its red-short tendency by decomposing oxides of iron in 
the metal. 

2. To provide a basic oxide for fluxing emulsified silicic acid in the 
molten metal. 

3. To eliminate some of the sulfur. 

4. To give the specified composition in the finished steel. 

The solvent effect of manganese on the gases, particularly those of 
rimming steel, seems to be that in the bath it checks the boil, while in 
the mold it retards both effervescence and the separation of skinhole gas. 

In the basic process the basic oxide of manganese formed needs the 
presence and action of an acid to eliminate it. 

Function of Silicon 

The actual state of silicon in steel is more uncertain than that of 
any of the other four elements, particularly when the amount is small 
or under 0.05 per cent. Table 3 shows that it may be there as alloy, 
or silicide, or oxide, or as a silicate, one or more, but the analysis does 
not tell which. Any present may be residual from that in the charge 
materials, that is, if the charge has not boiled, or may have been added 
at or near the end. As already noted, some may have been added 
which has done its work improving quality, and after so doing has left 
the metal, thereby escaping the chemist. 

Silicon is added to simple steel as a curative, and in so serving it 
may play one or more of several parts which we will note in detail later. 
It has also been thought to increase the resistance to corrosion of plain 
steel as it does in crude iron when high — ^up to 10 per cent, or more. If it 
does so act in steel it is a matter of minor importance, since the superior 
abilities of copper and chromium to that end have become recognized. 

The actions and so the effects of silicon are so different in acid and 
basic steels that each must properly be considered by itself. 
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Residual Silicon in Acid Steel 

Silicon in acid steel may be residual, or added, one or both. Residual 
may be present in such steel in either of two forms, one of which occurs 
only with low carbon and the other only with high. 

When there is more than 0.01 per cent, silicon in low-carbon acid 
steel to which no silicon has been added, and the bath in the furnace has 
boiled, as it practically always does when the carbon is low, that silicon 
will pretty surely be in the form of silica remaining from that formed by 
oxidation of silicon in the charge materials. Most of the silica so foimed 
has, of course, left the metal and entered the slag, but some has per- 
sisted in the metal because it was infusible at the bath temperature and 
there was not enough oxide of manganese present to flux it. This hap- 
pens when the original charge has too little manganese, say less than 
0.3 per cent., and no metallic manganese has been added. All of that 
element may have been oxidized and eliminated before all the silicon 
has been, for in such a case there will be sufifleient emulsified silica in 
the metal to flux any oxide of manganese therein. Then any silicon 
oxidized later remains for the most part in the metal until the final 
addition of manganese is made. A part of that is oxidized and the oxide 
fluxes a part of the remaining silica, but 100 per cent, cannot be so 
ehminated. That remaining is highly injurious to quality, tending to 
make the steel red short when hot worked, and lessening ductility. 

In making acid high-carbon steel such as that for springs, with from 
0.8 to 1.0 per cent, of carbon, by the pig-and-scrap method, there must 
be a relatively large proportion of pig in the charge to provide the carbon 
desired. In that method no excess of carbon is intentionally added, 
but the quantity of pig to give that desired may also contain so much 
silicon that when all is melted the metal will still hold 0.3 or 0.4 per 
cent., which is enough to make it lie dead in the furnace. If the carbon 
content is right and the silicon not objectionable, the charge may be 
cast with that amount of residual silicon. 

Some makers of springs object, however, to so much siheon in their 
steel, as it does not suit their tempering methods, and sometimes the 
carbon is much too high for the specification. In either case the silicon 
in the metal must be nearly all oxidized by added ore. Carbon cannot 
be oxidized in the presence of much silicon. If it is but little too high, 
say less than 0.1 per cent., it may be diluted by the addition of low-carbon 
scrap steel or wrought iron and made right without ore additions. When 
residual silicon in such a heat is unduly high, carbon is likely to be high 
also, as the case usually results from exceptionally quick melting and 
consequently less waste of the charge materials by oxidation. 

Most unusual, but yet possible, is the case of an acid steel with high 
residual silicon, say from 0.6 to 1.0 per cent, or even more, and the ingot 
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badly infested with gas holes. Such a heat is made only in the pneu- 
matic converter, when the charge in blowing becomes excessively hot, 
iue usually to too much silicon in the crude iron. At an unduly high 
temperature, apparently around 1660° C., the affinity of silicon for oxygen 
is much weakened, if not destroyed, while that of carbon for oxygen is 
increased. Consequently, in a heat which reaches the critical tempera- 
ture, the carbon in the iron is all burned out while a considerable part of 
the silicon remains in the metal unoxidized when the flame drops, which 
it does when the carbon is all consumed. The major part of the silicon 
is indeed oxidized before the temperature reaches the critical point but 
the unburnt residue may be as stated. The copious volumes of carbonic 
oxide and other gases formed or otherwise present have saturated even 
that great amount of silicon with all it can hold, so that as the metal 
solidifies in the mold enough is set free to form a profusion of gas holes 
as described. This case never occurs in open-hearth steel. 


Added Silicon in Acid Steel 

Silicon is added to plain acid steel (1) to kill it more or less perfectly 
and (2) sometimes as a step toward deoxidation. For killing, the pro- 
portion is usually something between 0.2 and 0.6 per cent. With less 
than 0.2 the steel is likely to be but partly killed unless the silicon is 
reinforced by the addition of some other gas solvent such as aluminum 
or titanium. With low carbon rather more solidifier is needed than with 
higher carbon. 

This solidifying effect is sometimes called deoxidizing, but incor- 
rectly so, as acid steel killed with silicon alone may be far from being 
deoxidized; being too red short to be of any use. Partial deoxidation 
with silicon is the reaction between that element and the oxides of iron 
in the unfinished steel resulting in the formation of silicic acid and the 
liberation of metallic iron. It takes place quickly after the silicon is 
melted and incorporated with the metal. The silicic acid formed is an 
infusible, non-metallic impurity which if permitted to remain in the metal 
is, like residual silica, more harmful to the properties than the oxides of 
iron it has decomposed. To eliminate it a basic oxide, or, particularly, 
oxide of manganese is needed to combine with and flux it, so that its 
particles may coalesce and escape. 

For killing steel no time is required after the silicon is melted and 
mixed with the metal, as its solvent power becomes immediately effective. 
Probably no chemical action is involved. For this reason a large part 
may properly be added in the ladle. Some of the silicon added for killing 
the steel will, however, be oxidized, even with the addition of plenty of 
manganese to do the deoxidizing, and form silicates which, being minutely 
comminuted, leave the metal but slowly. For this reason a part of the 
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silicon should be added in the furnace so that the silicates so formed may 
have ample time to escape as completely as the desired quality of the steel 
demands. The power which silicon has to prevent the formation of gas 
holes and so to kill steel is explained in two ways: 

1. If the gas to be suppressed is a compound, particularly carbonic 
oxide, which is the most plentiful gas in ordinary molten steel, it may 
conceivably be decomposed by the silicon with the formation of silicic 
acid, which is insoluble in the metal, and carbon which is soluble therein 
and therefore absorbed. Neither of these products is gaseous at the 
temperatures of molten steel. The action of silicon in preventing the 
formation of carbonic oxide is of course equivalent to its decomposition. 

2. According to the other explanation, the silicon keeps the gaseous 
compounds in solution and so prevents their separation on freezing and 
thus their formation of gas holes. This usually, if not always, seems to 
be the correct explanation. Any elementary gas, such as hydrogen, 
must of course be kept in solution by the silicon. 

Sometimes a part of the silicon in acid steel has been reduced from 
silica in the bottom or slag by the action of carbon in the metal. This 
may be as much as 0.1 or 0.2 per cent., or nearly enough to kill the steel. 
It happens only when the carbon content is comparatively high, or over 
0.5 per cent., and the bath is held for some hours in the furnace without 
the addition of oxide of iron in any form. The slag then becomes strongly 
acid and vitreous, containing from 55 to 60 per cent, of silica. The 
bath is almost dead. Bubbles are few and each one bursts with an 
audible snap through the tough slag. Silicon in steel so reduced is a 
guarantee that the metal has been well purified of its oxides. In the 
acid electric furnace, under similar favoring conditions a still more rapid 
and more prolific reduction of silicon is likely to take place. 

In the old method of melting crucible steel, which is still practiced 
to some extent, this manner of reducing silicon from the siliceous environ- 
ment was the only way in which the metal acquired that element and 
was killed. Up to 0.6 per cent, or even more was sometimes so reduced. 
The average was perhaps between 0.3 and 0.4 per cent., which was quite 
enough to kill the steel, the maximum mentioned above being more than 
was needed. 

Assuming apparently that silicon found by the chemist meant always 
the one thing, some crucible-steel makers have hastened the process 
and shortened the time for making a melt by adding the desired per- 
centage of silicon to the charge in the form of ferrosilicon. They either 
put it in the pot with the cold charge or add it after the charge is melted. 
Whether these accelerated methods are equally good or whether either 
is as good as the old way, those who practice them may or may not be 
able to demonstrate. The silicon is undoubtedly alloyed with the iron 
or combined as silicide in all three cases alike; but the time required for 
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killing in the old way, which is largely saved by the newer methods, 
and the boiling action which the metal has when first melted, if the 
silicon be low, may be needed for, and aid in, cleaning the metal of its 
non-metallics and also possibly of some of its deleterious gases. T his 
time and boil may tend to impart superior quality to the steel. 

Holding the molten charge for killing by the absorption of silicon 
from the slag and walls is more practicable with clay pots than with 
those made of graphite because, during that period, too much carbon 
would be absorbed from the latter. This would waste the crucible, 
unduly shortening its life; and, as the amount of carbon thus entering 
the steel would be variable, the product might be too irregular in its 
content of that element for commercial practice. 

In well made, finished simple steel, silicon raises tensility about 150 
lb. per sq. in. for each point contained. This effect is sometimes not 
attained in steels of poorer quality, being masked by more or less abund- 
ant non-ferrous or non-metallic impurities remaining in the steel. Silicon 
is not added primarily to give increased strength to plain steel, carbon 
being six or seven times as effective for that purpose, which indicates 
that silicon is alloyed with the iron and not combined as carbon is. 

Residual Silicon in Basic Steel 

In basic open-hearth steel neither of the cases of residual silicon 
which occur in acid steel as noted will be encountered. Any notable 
amount of silicon found in basic steel has been added to it at or near the 
end. As residual it is rarely if ever present; certainly never in any steel 
from which an excess of carbon has been eliminated by oxidation, as is 
almost universally the case; for, as we have noted in the case of acid 
steel, practically all the silicon must be oxidized before much carbon 
can be. 

There is not enough acid to flux all the basic oxides of iron and 
manganese which impregnate the metal at the end. The basic environ- 
ment, both hearth and slag, absorbs substantially all the silica from 
the metal early in the course of the heat. An acid is therefore called 
for, as we have noted. 

The chemist may indeed report 0.005 per cent, in the finished steel, 
an exceedingly small amount, which, if really present, may be in the 
form of emulsified silica or silicate. He cannot tell if the silicon he 
finds is combined with iron or oxygen. 

Added Silicon in Basic Steel 

Silicon may or should be added to basic steel shortly before the end 
for several different purposes, as follows: 
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1. To prevent further oxidation of carbon. This addition is made 
in the furnace and is to hold the charge as it is chemically, excepting 
the oxidation of the silicon itself, while the bath metal is being analyzed. 
Oxygen which reaches the metal after the added silicon is incorporated 
with it is seized by that element, none being available for oxidation 
of carbon. 

2. To help deoxidize the unfinished steel. For this purpose, which 
is to minimize red shortness, any quantity up to 0.15 per cent, may be 
added in the furnace. While manganese is the great deoxidizer, silicon 
is generally held to aid. Alone, however, unless considerable residual 
manganese is present, it is not efficacious. 

3. To form an acid which will flux and so promote the elimination 
of basic oxides from the molten metal. This important function must 
be considered together with that of deoxidizing which it follows. The 
oxides of manganese and iron present are both basic and have no afl&nity 
for each other. They need an acid to flux them and so enable them to 
coalesce and escape. Any silicon added up to 0.15 per cent, to stop 
the boil of a basic bath is largely oxidized during the time the charge is 
held, even though the boU may not have recommenced; 0.02 per cent, 
of silicon so remaining is enough to keep the bath quiet even though 
0.12 or 0.15 per cent, was required to practically stop the boil. The 
silicic acid formed serves to elide the basic oxides as noted. Ordinary 
ferromanganese or spiegel usually contains some silicon which is oxidized 
before the manganese and serves the same way after addition. It is 
usually better, however, to insure an ample supply by adding additional 
silicon; which, however, in freeing the metal of oxide may have left it, 
so that it wUl not be found by the chemist. 

In acid steel, if additional silicon is required, the need is not so 
pressing or universal as in the case of basic. 

4. To prevent the formation of gas holes. To avoid undue loss, and 
so to do this effectively, the silicon for this must be added in the ladle. 
It acts much as it does in acid steel but more is oxidized in the metal 
and slag. The oxide of iron in the latter tends to oxidize carbon as weU, 
making more gas for the silicon to hold in solution; so a somewhat larger 
percentage of it is needed to kill basic steel than acid steel, or about a 
fifth more. 

The first function is a manufacturing convenience. The other three 
are all curative. In a moderate degree, silicon also lowers the fusion 
temperature and gives heat to the metal by its oxidation. 

Time Required for Different Functions of Silicon 

After an addition of silicon is melted and mixed with the molten 
metal, the time required for it to exercise its various functions 
varies greatly; 
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1. To retain gases in solution and to check further oxidation of 
carbon the action is immediate — practically instantaneous. 

2. To tlecompose oxide of iron in solution is a matter of seconds. 

3. To form silicates of iron and manganese is a matter of minutes. 
This includes the fluxing and merging of emulsified oxides by the fluid 
silicates first formed. 

4. To clean the metal of silicates completely is a matter of hours. 
Some effects of high temperature on the affinities of silicon, carbon 

and oxygen for each other in iron metallurgy are indicated in Table 4. 
The reaction is reversible according to the formula 

Si + -200 SiO + 2C 

Table 4. — Chemical Relations oj Silicon, Carbon and Oxygen as AJJected 

by High Temjieratures 

Tempbratube, 

Desbees 

Cbntiqbadb Behaviob 

700 Silicon reduces CO in the laboratory, forming SiOj and liberating carbon. 
1550 Silicon prevents the formation of CO in the open-hearth bath and so tends 
to kill the metal. 

1600 Carbon reduces silicon moderately from slag and hearth in the acid, open- 
hearth crucible and electric processes. 

1650 Carbon prevents oxidation of silicon in the bessemer blow. Perhaps reduces 
it. 

1900 Carbon reduces silicon freely from its oxide in the blast furnace. 

Below the equilibrium temperature of the reaction of silicon with 
carbonic oxide, which seems to be in the neighborhood of 1600° C., the 
affinity of silicon for oxygen is stronger than that of carbon, while above 
it the affinity of carbon excels. 

It appears, therefore, that the percentage of silicon reported by the 
chemist requires supplementary information to give its full meaning. 
To appreciate its significance one must know how it came to be in 
the steel. 


Functions op Sulfur and Phosphorus 

The percentages of sulfur and phosphorus usually stand for what they 
are. The only points in doubt are whether they are residual or added. 
If the latter, they are thought to work less damage to the ductility of the 
steel than if residual. 

Added phosphorus is held to have some deoxidizing effect on the 
steel and, if there is a deficiency of silica, its oxide may serve as an acid 
to flux basic oxides in the metal, as does silica. This action may be the 
basis of the commonly held opinion that added phosphorus does not make 
the steel as cold short as residual; but as ferrophosphorus always contains 
some silicon, it may be that phosphorus gets credit that rightfully 
belongs to silicon. 
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When more than 0.05 per cent, of either of these elements is present 
in basic steel, some has probably been added to promote machinability, 
or, in the case of phosphorus in thin sheets, to keep them from sticking 
together too strongly when rolled doubled. An excess of each is needed 
in either case because a part of the phosphorus so added to basic steel 
is oxidized, while a part of any added sulfur is volatilized. 

Subjects foe Reseaech 

During this talk we have considered some things the ultimate analysis 
does not tell us regarding the make-up of steel, including; 

1. The genesis, composition, behavior and effects of the various gases, 
both in gas holes and in solution. 

2. The genesis, composition, manner of occurrence and effects of the 
various sonims. 

These are subjects worthy of research. But let us urge that in 
studying them the history of the steels dealt with, particularly the 
furnace practice by which they were made, in all details, be noted and 
recorded as fully and as clearly as can be done by language, to the end 
that the man in the shop may be enabled to utilize the results in his work 
— to apply the good and avoid the bad. 
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Eotvos Torsion Balance 

C. A. Heiland 

New York 
Feb., 1928 


61 

Liquid-oxygen Blasting at Chuqui- 

H. C. Schultz, 

New York 



camata, Chile 

F. K. Middleton Hunter Feb., 1928 

7S, 108, ISS 

64 

Working Methods of Practical Geo- 
physics 

Hans Haalck 

New York 
Feb., 1928 


65 

Experiments with Eotvos Torsion 
Balance in the Tri-State Zinc and 
Lead District 

P. W. George 

New York 
Feb., 1928 


74 

Gravity Surveying in Great Britain 

H. Shaw 

New York 
Feb., 1928 


75 

The Computation of Eotvos Gravity 
Effects 

E. Lancaster-Jones 

New York 
Feb., 1928 


82 

Earth-resistivity Measurements in 
the Lake Superior Copper Country 

W. O. Hotchkiss, 

W. J. Rooney, 

James Fisher 

New York 
Feb., 1928 


83 

Mining Methods and Records at the 
United Eastern Mine 

Roy W. Moore 

New York 
Feb., 1928 

76, 56. 90 

98 

Recent Results in Electrical Pros- 
specting for Ore 

Hans Lundberg 

New York 
Feb., 1928 


101 

Relation between the Oxygen Bal- 
ance and l^opulsive Strength of 
Eight Gelatin Dynamites 

G. St. J. Perrott, 

N. A. Toloh, 

J. E. Crawshaw 

New York 
Feb., 1928 


102 

Effect of Oxygen Balance of Gelatin 
Dynamites on the Gaseous Prod- 
ucts of Detonation 

G. W. Jones, 

G, St. J. Perrott 

New York 
Feb., 1928 


108 

The Financial Report of a Min- 
ing Company — ^Its Content and 
Meaning 

Henry B. Fernald 

New York 
Feb., 1928 


116 

What Duty to Support the Surface 
Does a Subsurface Owner Owe? 

R. G. Bos worth 

New York 
Feb., 1927 


136 

Comparison of Branch Raise and 
Combined Shrinkage and Caving 
Methods 

C. A. Mitke 

Los Angeles 
Sept., 1928 

76, 93, 103 

141 

A Mining Company Balance Sheet 

G. F. Wolff 

New York 
Feb., 1928 



* Volume numbers are bold face; page numbers of papers, Roman; and page numbers of discussions, 
italics. Where no number is given, paper has not appeared in the Tbansactions or a special volume. 
Discussions are printed following the respective papers. 
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Title 

Author 

Meeting 

CATION 

No. 

1 55 

Mine Development and Under- I. L. Greningor 
ground Construction of Andes 

Copper Mining Co. at Potrerillos, 

Chile 

Milling and Concentration 

New York 
Feb., 1928 

41 

Gas Sorption in Flotation 

A. S. Adams 

New York 
Feb., 1928 

46 

Crushing and Grinding, I. — Surface 
Measurement of Quart 2 Particles 

John Gross, 

S. R. Zimmerley 

New York 
Feb., 1928 

120 

Crushing and Grinding, II. — The 
Relation of Measured Surface of 
Crushed Quartz to Sieve Sizes 

John Gross, 

S. R. Zimmerley 

New York 
Feb., 1929 

127 

Crushing and Grinding, III. — Rela- 
tion of Work Input to Surface 
Produced in Crushing Quartz 

John Gross, 

S. R. Zimmerley 

New York 
Feb., 1929 

132 

Iligh-cfficicncy Motor Generator 
Sets for Electrolyzing Leaching- 
plant Solution 

Iron 

David Hall 

AND Steel 

Los Angeles 
Sept., 1928 

47 

The Manufacture of Some Foreign 
Rails 

C. W. Gonnet, Jr. 

New York 
Feb., 1928 

48 

Effect of Annealing on Cold-worked 
Single Crystals of Silicon-ferrite 

Hugh O’Neill 

New York 
Feb., 1928 

59 

Application of a High-vacuum In- 
duction Furnace to the Study of 
Gases in Metals 

P. H. Brace, 

N. A. Ziegler 

New York 
Feb., 1928 

62 

Utilization Problems of Metallurgi- 
cal Limestone and Dolomite 

Oliver Bowles 

New York 
Feb., 1928 

73 

Improvements in Blast Furnace 
Construction 

J. P. Dovel 

New York 
Feb., 1928 

88 

Effect of Temperature on the Solu- 
bility of Iron Oxide in Iron 

C. H. Herty, Jr., 

J. M. Gaines, Jr. 

New York 
Feb., 1928 

94 

Steel for Aircraft Construction 

E. A. Richardson 

New York 
Feb., 1928 

96 

Tne Constitution of the Iron-silicon 
Alloys 

M, G. Corson 

New York 
Feb., 1928 

100 

Critical Points in Chromium-iron 
Alloys 

A. B. Kinzel 

New York 
Feb., 1928 

106 

A One-ton Acid Open Hearth and 
Some Experimental Results 

C, E. Meissner 

New York 
Feb., 1928 

109 

Operation of Blast-furnace Plant of 
Columbia Steel Corpn. at Iron- 
ton, Utah 

W. R. Phibbs 

New York 
Feb., 1928 

111 

Rate of Carbon Ebmination and 
Degree of Oxidation of the Metal 
Bath in Basic Open-hearth Prac- 
tice 

Alexander L. Feild 

New York 
Feb., 1928 

112 

Production of High-alumina Slags 
in the Blast Furnace 

T. L. Joseph, 

S. P, Kinney, 

C. E. Wood 

New York 
Feb., 1928 

125 

Cleaning Blast-furnace Gas 

Arthur J. Boynton 

New York 
Feb., 1928 

139 

The Neumann Bands in Ferrite 

C. H. Matheweon, 

G, H. Edmunds 

Philadelphia 
Oct.. 1928 


* B28 indicates inclusion in Flotation Practice. 
t C28 indicates inclusion in Iron and Steel Tbchnologt in 1928. 
t E28 indicates the Proceedings of the Institute of Metals Division, 1928. 


I'rans. 
Volume 
AND Page 


B28,* 216, 223 


C28,f 177, 192 
C28, 229, 248 
£28, t 541, 5G4 

C28, 87, too 
C28, 30, 83 
C28, 142, 134 
C28, 157, 176 
C28, 249. 296 
C28, 301, 307 
C28, 103, 111 
C28, 02, G3 

C28, 114, ISO 

C28, 66, S3 

C28, 36, 01 
C28, 311, 332 
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Trans. 
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No. 

Title 

Author 

Meeting 

Volume 

AND Page 

49 

Suggested Improvements for Smelt- 
ing Copper in the Reverberatory 
Furnace 

G. L. Oldright, 

F. W. Schroeder 

New York 
Feb., 1928 

76, 442, 40J 

68 

The Contamination of Metal Scrap, 
Its Effect on the Value, and Sug- 
gested Means of Control 

Carl 0. Thieme 

New York 
Feb., 1928 

E28, 711, 717 

69 

The Waelz Process (With Discus- 
sion) 

R. Hoffmann 

New York 
Feb.. 1928 

76, 537, .?4S 

72 

Reduction of Roasted Cassiteritc 
Concentrates 

W. W. Loo, 

E. F. Kern 

New York 
Feb., 1928 

76, 494, 

81 

Sampling and Evaluating Secondary 
Non-ferrous Metals 

T. A. W'right 

New York 
Feb.. 1928 

E28, 672, &SS 
76, 644, e&O 

84 

Refining and Melting Some Plati- 
num Metals 

J. O. Whiteley, 

C. Dietz 

New York 
Feb., 1928 

76, 635, 

87 

Purification of the Six Platinum 
Metals 

Edward Wichers, 

Raleigh Gilchrist, 
William H. Swanger 

New York 
Feb., 1928 

76, 602, esi 

92 

Modern Non-ferrous Secondary 
Metal Producer 

Don C. Blackmar 

New York 
Feb., 1928 

E28, 700, 70i? 

05 

Use of the Noble Metals for Elec- 
trical Contacts 

E. F. Kingsbury 

New York 
Feb., 1928 

E28, 804, S22 

97 

Non-ferrous Secondary Metals Re- 
covered in the United States 

J. P. Dunlop 

New York 
Feb., 1928 

E28, 660, 669 

99 

Metallurgical Properties of Precious 
Metals and Their Alloys Which 
Affect Their Use in Dentistry 

R. V. WilUams 

.New York 
Feb., 1928 


105 

Classification and Preparation of 
Non-ferrous Scrap Metals and 
Alloys 

H. F. Seifert 

New York 
Feb., 1928 

£28, 694 

113 

Metal Recovery from Bronze 
Foundry Slags 

Institute of 

Ernest R. Darby 

Metals Division 

New York 
Feb., 1928 

£28, 721, 7U 

53 

Twinning in Beryllium, Magne- 
sium, Zinc and Cadmium 

C. H. Mathewson, 

A. J. Phillips 

New York 
Feb., 1928 

£28, 445 

54 

The Cause of Translation Striae and 
Translation Strain-hardening in 
Crystals 

M. J. Buerger 

New York 
Feb., 1928 

£28, 375, 388 

56 

Twinning in Copper and Brass 

A. J. Phillips 

New York 
Feb., 1928 

£28, 429, 439 

57 

Interatomic Forces in Metals and 
Alloys 

Robert F. Mchl 

New York 
Feb., 1928 

£28, 405. 4^0 

58 

Corrosion of Metals as Affected by 
Time and by Cyclic Stress 

D. J. McAdam, Jr. 

New York 
Feb., 1928 

£28, 571, 608 

59 

Application of a High-vacuum In- 
duction Furnace to the Study of 
Gases in Metals 

P. H. Brace, 

N. A. Ziegler 

New York 
Feb., 1928 

£28, 544, 564 

60 

Manufacture of Sterling Silver and 
Some of Its Physical Properties 

R. H. Leach, 

C. H. Chatfield 

New York 
Feb., 1928 

£28, 743, 755 

68 

The Contamination of Metal Scrap, 
Its Effect on the Value, and Sug- 
gested Means of Control 

Carl 0. Thieme 

New York 
Feb., 1928 

E28, 711, 717 

70 

. The Platinum Metals and Their 
Alloys 

F. E. Carter 

New York 
Feb.. 1928 

E28, 769, 78iB 

79 

Quantitative Spectrum Analysis 

F. Twyman, 

D. M. Smith 

Detroit 
Sept., 1927 

£28, 280, 305 

SJ 

Sampling and Evaluating Secondary 

T. A. Wright 

New York 

£28, 672. 688 


Non-ferrous Metals 


Feb., 1928 ■ 

76, 644, 660 



692 


A. I. M. E. TECHNICAL PUBLICATIONS, 1928 
Institute op Metals Division. — Continued 


Tech- 

nical 




Trans. 

Publi- 

cation- 

No. 

Title 

Author 

Meeting 

Volume 
AND Page 

84 

Refining and Melting Some Plati- 
num Metals 

J. 0. Whitelcy, 

C. Dietz 

New York 
Feb,, 1928 

76, 635, 643 

85 

A Study of Certain Alloys of the 
Lead-tin-cadmium System with 
Reference to Their Use as Solders 

Carl E. Swartz 

New York 
Feb., 1928 

E28, 352, 362 

86 

Gold, Silver, Copper Alloys 

F. E. Carter 

New York 
Feb., 1928 

E28, 786, 802 

87 

Purification of the Six Platinum 
Metals 

Edward Wichers, 
Raleigh Gilchrist, 
William H. Swanger 

New Y ork 
Feb., 1928 

76, 603, 6Si 

89 

Grain Growth in Metals Caused by 
Diffusion 

Floyd C. Kelley 

New York 
Feb., 1928 

E28, 390, 306 

90 

Some Peculiar Results in Hardness 
Tests of Lead-antimony Alloys 

L. O. Howard 

New York 
Feb., 1928 

E28, 369, 373 

91 

Aluminum-beryllium Alloys 

R. S. Archer, 

W. L. Fink 

New York 
Feb., 1928 

E28, 616, 643 

92 

Modern Non-ferrous Secondary 
Metal Producer 

Don C. Blackmar 

New York 
Feb., 1928 

E28, 700, 700 

93 

Distribution of Tensile Strength in 
Hard Drawn Copper Wire 

Frank W. Harris 

New York 
Feb., 1928 

E28, 51S, 536 

95 

Use of the Noble Metals for Elec- 
trical Contacts 

E. F. Kingsbury 

New York 
Feb., 1928 

E28, 804, 822 

96 

The Constitution of the Iron-silicon 
^ Alloys 

M. G. Corson 

New York 
Feb., 1928 

C28, 240, SOO 

97 

Non-ferrous Secondary Metals Re- 
covered in the United States 

J. P. Dunlop 

New York 
Feb., 1928 

E28, 660, 060 

99 

Metallurgical Properties of Precious 
Metals and Their Alloys Which 
Affect Their Use in Dentistry 

R. V. Williams 

New York 
Feb., 1928 


100 

Critical Points in Chromium-iron 
Alloys 

A. B. Kinzcl 

New York 
Feb., 1928 

C28, 301, 307 

103 

Alpha Phase Boundary of the Cop- 
per-nickel-tin System 

Wm. B. IMcc, 

C. C. Grant, 

A. J. Phillips 

New York 
Feb., 1928 

E28, 503, 514 

105 

Classification and Preparation of 
Non-ferrous Scrap Metals and 
Alloys 

H. F. Seifert 

Now York 
Feb., 1928 

£28, 604 

113 

Metal Recovery f r o,m Bronze 
Eoundry Slags 

Ernest R. Darby 

New York 
Feb., 1928 

E28, 72U.724 

123 

Absorbability of Gases in Casting 
Copper and Effect of Adding 
Cuprosilicon 

O, W. Ellis 

Philadelphia 
Oct., 1928 


124 

Effect of Cold Rolling and Heat 
Treatment on Physical Proper- 
ties of Britannia Metal 

B, Egeberg, 

H. B. Smith 

Philadelphia 
Oct., 1928 


128 

Diffusion of Zinc into Copper 

Samuel L. Hoyt 

Philadelphia 
Oct., 1928 


133 

Stability of Aluminum and Magne- 
sium Casting 

A. J. Lyon 

Philadelphia 
Oct., 1928 


137 

Smoothing and Etching Cupro- 
nickel, Bronze, Brass and Steel 

H. B. Pulaifer 

Philadelphia 
Oct., 1928 


139 

The Neumann Bands in Perrite 

C. H. Mathewson, 

G. H. Edmunds 

Philadelphia C28, 321, $$3 
Oct., 1928 

142 

The Constitution of the Copper- 
silicon System 

Cyril S. Smith 

Philadelphia 
Oct., 1928 


147 

High-strength Gold Alloys for Jew- 
elry and Age-hardening Phenom- 
ena in Gold Alloys 

E. M. Wise 

Philadelphia 
Oct., 1928 
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7G 

77 

80 

101 

102 

104 

110 

114 

116 

117 
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156 
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Coal and Coke 


Title 


Autuob 


Meeting 


Trans. 
Volume 
AND Page 


Application of Cinematography to 
the Study of the Fall of Coal Par- 
ticles in Still Water 
Liquid-oxygen Blasting at Chuqui- 
camata, Chile 

Hindered-settling Classification of 
Feed to Coal-washing Tables 
Re-treating Middlings from Coal- 
washing Tables by Hindered-set- 
tling Classification 
Blasting Coal Effectively and Safely 
in Southern Illinois 
Relation between the Oxygen Bal- 
ance and Propulsive Strength of 
Eight Gelatin Dynamites 
Effect of Oxygen Balance of Gelatin 
Dynamites on the Gaseous Prod- 
ucts of Detonation 
Pure Coal as a Basis for Classifica- 
cation 

Recirculation of Air and Mine Gas 
Caused by Auxiliary Fans as Used 
in Coal Mines 

The Coal Dilemma and the Banker 

What Duty to Support the Surface 
Does a Subsurface Owner Owe? 
Cleaning Bituminous Coal - 

Requirements for Complete Face 
Mechanization in Coal Mining 
Classification of Coal 

The Classification of Coal (With 
Discussion) 

Classification of Coal from Proxi- 
mate Analysis and Calorific 
Value (With Discussion) 
Classification of Coals by Ultimate 
Analysis (With Discussion) 
Classification of Coal from the 
Viewpoint of the Geologist 
(With Discussion) 

Classification of Coal from the 
Viewpoint of the Paleobotanist 
(With Discussion) 

Classification of Coal in the Light 
of Recent Discoveries with 
Regard to Its Constitution 
(With Discussion) 

Pure Coal as a Basis for Classifica- 
tion (Abstract and Discussion) 
Commercial Classification of Coal 

Classification of Coals from the 
Point of View of the Railroads 
(With Discussion) 

The Use Classification of Coal as 
Applied to the Gas Industry 
(With Discussion) 


W. A- Gooskov 

New York 
Feb., 1929 


H. C. Schultz, 

New York 

76, 108, 

F. K. Middleton Hunter Feb., 1928 


B. M- Bird, 

New York 


H. F. Yancey 

Feb., 1928 


B. M. Bird, 

New York 


H. P. Yancey 

Feb., 1928, 


J. E. Tiffany, 

New York 

76, 274, £SG 

S. S. Lubelsky 

Feb., 1928 


G. St. J. Perrott, 

New York 


N. A. Tolch, 

J. E. Crawshaw 

Feb., 1928 


G. W. Jones, 

New York 


G. St. J. Perrott 

Feb., 1928 


F. V. Tideswell, 

New York 

76, 200, SIl 

R. V. Wheeler 

Feb., 1928 


H. P. Greenwald, 

New York 

76, 164, iSS 

H. C. Howarth 

Feb., 1928 


A. T. Shurick 

Columbus 
Apr,, 1928 


Robert G. Bosworth 

New York 
Feb., 1927 


J. R. Campbell 

New York 
Feb., 1928 


R. Y. Williams 

Philadelphia 
April, 1928 
New York 
Feb., 1928 

76, 237, £65 

C. A. Scyler 

New York 
Feb., 1928 

76, 189, 196 

W, T, Thom, Jr. 

New York 
Feb., 1928 


H. J. Rose 

New York 
Feb.. 1928 


M. R. Campbell 

New York 
Feb., 1928 


R. Thiessen 

New York 
Feb., 1928 


W. Francis 

New York 



Feb., 1928 


F. V. Tideswell, 

New York 

76,200, £11 

R. V. Wheeler 

Feb., 1928 


F. R, Wadleigh 

New York 
Feb., 1928 


E. McAuliffe, 

New York 


M. Macfarland 

Feb., 1928 


W. H. Fulweiler 

New York 
Feb,. 1928 
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AND Page 

No. 

Classification from the Standpoint 

W. H. Blauvelt 

New York 



of the By-product Coke Indus- 
try (With Discussion ) 


Feb., 1928 



Classification of Coal from the 

S. B. Flagg 

New York 



Standpoint of the Steam Power 
Consumer 


Feb., 1928 



Classificationof Coal from the 

F. G. Tryon 

New York 



Standpoint of the Coal Statisti- 


Feb., 1928 



cian 




lo3 

Subsidence from Anthracite Mining, 

H. W. Montz 

Now York 



with an Introduction on Surface 
Support by 

R. V. Norris 

Feb., 1928 



Petrol 

BUM AND Gas 



50 

The Eotvds Torsion Balance 

Donald C. Barton 

Now York 



Method of Mapping Geologic 
Structure 


Feb., 1928 


75 

The Computation of Eotvos Grav- 

E. Lancaster- Jones 

New York 



ity Effects 


Feb., 1928 


116 

What Duty to Support the Surface 

Robert G. Bos worth 

New York 



Does a Subsurface Owner Owe? 


Feb., 1927 


138 

Capillary Phenomena as Related to 

Frederick G. Tickoll 

Tulsa 



Oil Production 


Oct., 1928 


143 

Deep Well Pumping in California 

Hallan N. Marsh 

Tulsa 

Oct., 1928 


144 

Oil Recovery Investigations of the 

R. Van A. Mills, 

Tulsa 



Petroleum Experiment Station of 

Joseph Chalmers, 

Oct., 1928 



the U. S. Bureau of Mines 

J. S. Desmond 



145 

Rotary Drilling Problems 

R. S. Cartwright 

Tulsa 

Oct., 1928 


146 

Intermittent Injection of Gas in 

Morgan Walker 

Tulsa 



Gas-lift Installations 


Oct., 1928 


148 

Relative Propulsive Efficiencies of 

Harry H. Power 

Tulsa 



Air and Natural Gas in Pressure 
Drive Operations 


Oct., 1928 


157 

Analyses of the Salt Creek Field 

J. S. Ross, 

New York 



Applied to Underground Prob- 

E. A. Swedenborg 

Feb., 1929 



lems 


Non>metallic Minerals 


55 

Mining and Preparation of St. Peter 
Sandstone in Arkansas 

D- D. Dunkin 

New York 
Feb., 1928 

76 , 430, 439 

62 

Utilization Problems of Metallur- 
gical Limestone and Dolomite 

Oliver Bowles - 

New York 
Feb., 1928 

C28, 87, 100 

67 

Notes on the Genesis of Grecian J. R. Thoenen 
Magnesite 

Mining Geology 

Now’ York 
Feb., 1928 


50 

The Eotvos Torsion Balance 
Method of Mapping Geologic 
Structure 

Donald C. Barton 

New York 
Feb., 1928 


51 

Sedimentary Metalliferous Deposits 
of the Red Beds 

John Wellington Finch 

New York 
Feb., 1928 

76 , 378, 385 

52 

A Cartographic Correction for the 
Eotvos Torsion Balance 

C. A. Heiland 

New York 
Feb., 1928 
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Meeting 

Trans. 

Volume 

cation 

No. 

63 

Ore Deposits Support Hypothesis of 

I. A. Ettlinger 

New York 

AND Page 

64 

a Central Arizona Batholith 
Working Methods of Practical Geo- 

Hans Haalck 

Feb., 1928 
New York 


65 

physics 

Experiments with Eotvos Torsion 

P. W. George 

Feb., 1928 
New York 


66 

Balance in the Tri-State Zinc and 
Lead District 

Geologic Factors in the Develop- 

Charles H. Behre, Jr. 

Feb., 1928 

Now York 

76, 393, 410 

71 

ment of the Eastern Pennsylvania 
Slate Belt 

The State and Density of Solutions 

William H. Emmons 

Feb., 1928 

New York 

76, 308 

74 

Depositing Metalliferous Veins 
Gravity Surveying in Great Britain 

H. Shaw 

Feb., 1928 
New York 


75 

The Computation of Eotvos Grav- 

E. Lancaster-J ones 

Feb., 1928 
New York 


78 

ity Effects 

Research in Processes of Ore Depo- 

Waldemar Lindgren 

Feb., 1928 
New York 

76, 290, SOS 

82 

sition 

Earth-resistivity Measurements in 

W- 0. Hotchkiss, 

Feb., 1928 
New York 


98 

the Lake Superior Copper Coun- 
try 

Recent Results in Electrical Pros- 

W. J. Rooney, 

James Fisher 

Hans Lundberg 

Feb.. 1928 

New York 


107 

pecting for Ore 

Geology of the Red Lake and 

E. L. Bruce 

Fob., 1928 
New York 

76, 362, S7S 

115 

Woman Lake Gold Areas, North- 
western Ontario 

Some Applications of Potential 

E. G. Leonardon, 

Feb., 1928 

New York 


140 

Methods to Structural Studies 
Landslide and Flood at Gros Ventre, 

Sherwin F. Kelly 
William C. Alden 

Feb., 1928 
New York 

76, 347, SeO 

152 

Wyoming 

Transverse Faults of Kennecott and 

Samuel G. Lasky 

Feb., 1928 
New York 


154 

Their Relation to the IN^ain Fault 
System 

Deposition of Ore in Pre-existing 

R. T, Walker 

Feb., 1929 

New York 



Limestone Caves 


Feb., 1928 



Mining Administeation 


Accounting, Taxation, Industrial Relations 

108 The Financial Report of a Mining Henry B. Fernald New York 

Company — Its Content and Feb., 1928 

Meaning 

114 The Coal Dilemma and the Banker A. T. Shurick Columbus 

Apr., 1928 

141 A Mining Company Balance Sheet George W. Wolff New York 

Feb., 1928 


Geophysical Prospecting 


50 The Eotvos Torsion Balance Donald C. Barton New York 

Method of Mapping Geologic Feb., 1928 

Structure 

52 A Cartographic Correction for the C. A. Heiland New York 

EotvSs Torsion Balance Feb., 1928 

64 Working Methods of Practical Geo- Haxis Haalck New York 

physics Feb., 1928 



696 A. I. M. E. TECHNICAL PUBLICATIONS, 1928 


Geophysical Prospecting. — Continued 


Tech- 

NlCAIi 




Trans. 

Publi- 

cation 

No. 

Title 

Author 

Meeting 

Volume 
AND Page 

65 

Experiments with EotvSs Torsion 
Balance in the Tri-State Zinc and 
Lead District 

P. W. George 

New York 
Feb., 1928 


74 

Gravity Surveying in Great Britain 

H, Shaw 

New York 
Feb., 1928 


7o 

The Computation of Eotvos Grav- 
ity Effects 

E. Lancaster- Jones 

New York 
Feb., 1928 


82 

Earth-resistivity Measurements in 
the Lake Superior Copper Coun- 
try 

W. 0. Hotchkiss, 

W. J. Rooney, 

James Fisher 

New York 
Feb., 1928 


98 

Recent Results in Electrical Pros- 
pecting for Ore 

Hans Lundberg 

New York 
Pcb., 1928 


115 

Some Applications of Potential 
Methods to Structural Studies 

E. G. Leonardon, 
Sherwin P. Kelly 

New York 
Feb., 1928 


119 

A Now Micromagnetometcr 

Frank Rieber 

New York 
Feb., 1928 


120 

Certain Aspects of Magnetic Sur- 
veying 

Louis B. Slichtcr 

New York 
Feb., 1928 


121 

Certain Applications of the Surface 
Potential Method 

Warren Weaver 

New York 
Fob., 1928 


122 

Electrical Prospecting for Molyb- 
denite 

Karl Sundberg, 

Allan Nordstrom 

Boston 

Aug., 1928 


129 

130 

Field Observations of Electrical 
Resistivity and Their Practical 
Application 

Discussion of the Papers on Geo- 
physical Prospecting 

J. G. Koenigsberger 

Boston 

Aug., 1928 

New York 
Feb., 1928 


131 

Electrical Prospecting Applied to 
Foundation Problems 

Irving B. Crosby, 

E. G. Leonardon 

Boston 

Aug., 1928 
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Copper-manganese-aluminum alloj’'s: Housler 
bronzes, E28, 498 
properties, E28, 491 

Coppor-manganoso-silicon alloys, proptTtios, E28, 
401 

Coppcr-mangancac-tiii alloys, properties, E28, 
491 

Copper-manganese-zinc alloys, propertit^s, E28, 
491 

Copper mining, development and underground 
cons traction, Andos Copper Mining 
Co., Potrerillos, Chile, T.P. 155 
Coppernick, M28, 415 

Copper-nickel alloys: compressibility, E28, 412 
hardness and internal pressure, E28, 417 
Copper-nickel-tin alloys: alpha phase boundary, 
E28, 503. Abs., M28, 152 
equilibrium diagram, E28, 515 
hardening, £28, 511 

hardness in various conditions, E28, 515 
tensile properties, E28, 515 
Copper scrap: exported, 1925-26, E28, 664 
sampling and evaluating, E28, 689 ; 76, 60 L 
Copper, secondary: ingots, E28, 705 
recovery in United States: in 1910-20, E28, 663 
in 1924-25, E28, 695 
in 1925, E28, 701 
in 1925-26, E28, 664 

Copper-silicon alloys, constitution, T.P. 142. 
Abs., M28, 449 

Copper-silvcr-gold alloy.s. See G old-ail ver-oopper 
Copper skimmings, sami>ling and evuluat-iug, 
E28, 680; 76, 652 

Copper slags: convertor, analyses, 76, 453 
reverberatory, analysc.s, 76, 453 
Copper smelting: effect of notation, B28, 31 
in reverberatory furnace. Abs., M28, 29 
analyses of slag drips, 76, 455 
development of practice, 76, 442 
suggested improvements, 76, 442 
Copper-tin alloys, comproKsibility, E28, 414 
Copper-tin ore, ring ore, 76, 314 
Copper wire; hard-drawn: brittleiiosH, “oup and 
cone,’* E28, 519. 536, 540 
laminations, cause and detection, E28, 518 
microstructurc, E28, 531 
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r'opixT wire; li.-ird-driiw n: toiiailu aiimiKtlj d(‘i>oiid- 
^•nt on dianu'liT, E28, 521 
loohilo wtroiiHth distribution, E28, r>KS 
b'lisile slnniKth, (‘(Toot, of bondiii}', E28, 521, 520 
tcnsilo alroiiKl.li, ofTi'ct. of iuU'rnal strains, 
E28, 510, 512 

tonsilc slri'iiKtli, ('tTcct. of r<’V<‘rsal of dniwinK 
direction, E28, 550 

teiisilo stn'UKth, tdfocti of solf-iunn'aling, E28, 
510, 51 1 

tt'iisile strength, elTi'ct of sii(ic(‘asive drafts, 
E28, 527 

U‘nsil(‘ stroiiKth, skin-liardiioss theory, E28, 521 
( ‘oppor-ziiic alloys: binuliuR t-osts, E28, 61 
comtuorolal, physical charact.eristics, E28, 55 
(•,oin])ressibilit.y, E28, 4 12 
oorrosion-fatij!:u<‘, E28, 612 
tirain Kn»wt.h during heat treatment, E28, 08 
growth of the nuitalloKraphy, E28, 55 
hardness iiicri'aao with variation of copper 
eontont and cold rolling, E28, 05 
Uteratuns E28, 55 

structure change during heat tr<‘ainieiit, E28, 
05 

tensile properties, E28, 5S, 72 

studies of produeiiig sand at Hamilton 
C(U'U(*rs, I»a., G27, 505. Abs., M28, S 1 
dorrosion: aluminum-berylliuni alloy.s, etT( et on 
ti'iisile properties, E28, 015 
aliiiiiinnm strong alloys, E28, 1 1 1 
hyilrofren sulfuie; methods of prevention, 
027, 5S0 

W est 'ri'xas, G27, 5S8, 500 
of tubing, efTi'et of jmrafUn, G27, 252 
salt-spray tests on aluminutn-berylHuin alloys, 
E28, 01 1 

t(‘}itM of zinc-coat e<l sheets, M28, 501 
Corrosion-fatigue («e« alao nanu'S <if inctals): 

compared with fatigue in eonnner- 
cially pure aluminum, E28, 010, 015 
definition, E28, 571 

etTcci of shapi* of corrosion notch, E28, 001 , 000, 
010, 015 

ferroua nlloj’.s, cITect of absorption of hydrogen, 
E28, on, OM 
limit, definit.ion, £28, 571 
prior-eorrosiou futigui*: <lefinition, E28, 571 
import anei‘, E28, 010 
pr<»eess, E28, 571 
slagi's, E28, 571 

<'ornti<ion of MoUiln ns .{Jfi'rttil hu Timo and /»// 
Cj/rlin Strfitii (T-1*- 5S - Mc^Adam), 
£28, 571; /JisrassioH, OOy 
(Jorrotoion-resisting inm-sllimin alloys, proj>erties, 
C28, 240 

(•ousid, W. M.: Profit Mnktr of tho Crntarit, 
M28, 450 

/)iscu!i:iion on (*onlnuunntion of Afolal *Scr»i/), 
E28, 71« 

visits Mngland, M28, 50K 
(’oitSON, hf. 0.: (Jonatitiition of tho Iron-nUiron 
AllojfS Particuhtrlu in Cannvetion with 
the. ProjurtinH of Corrosian-roHiittinp 
Alioj/ti of This Composition (T.l\ 06), 
C28, 240; PUcuasioHt 207, 200. 

Abs,, M28, 148 


Coiisoj'f, M. Cl.: Mangancso in Non-ferrous .4//oa^.s- 
(Paper No. 1055), E28, 4S5 
t>Hp T nlerfvrcncc T he or p of Uardenimj, M28, 501 
C’ovKiiL, K. A., AND Kikwan, M. J., Piuupinij 
Deep Wells in the Heuiinole Oil Fields, 
Okla. Al)s„ M28 455 

Cowan, W. A.: Disrmsion on Contnininatiou oj 
Af ctdl Strap, E28, 720 

Craiithek, E. If., and liox, I. L., Prdhninarp 
luvestiuaiion of Tailings for Reireat- 
ment, M28, 316 

CiiAMEK, W. B.: Discussions: on Composition of 
Mill Balls and Deterininafion of 
Wearing Qualities, B28, 212, 215 
on Njfect of Preferential Flotation at iUinanca 
Mill and Smelter, B28, 170, 171 
on FarresUr Cell Installation, B28, 101), 200, 201 
C’u^MPTON, n. K.: Discussions: on Distrihution of 
Tensile Strength in Ifard Drown 
Copper Wire, E28, 510 

on Phpsical Characteristies of Commereial Cop- 
V(r-::inc Allogs, E28, 72 

CriAWPOHD, C. A.: Nickel and Monel Metal, 
with JfJspeninl iteference to Annealing 
(T.P. 35), E28. 74 

Cn.wvHUAW, J. 10., IbjititoTT, Cl. Rt. J. and 
' roLOir, N. A.: Hclafion between the 
Osifgeii Balance and PntpulsiiU' 
Strength of Fight Gdatin Dunainitei;, 
T.P. 101. Abs., M28, 151 
Cr(‘e<l<’, C’olo., metalliferous veins, methods of 
depi>hition, 76, 510 

CitKWi'5, !<» <j.: Discussion on Rctiuirements for 
Complete Face Merhanization in Coat 
Mining, 76, 200 

('ripple (keek, gas conditions in mines, 76, 154 
Critical Points in C lira nn am- iron Allogs (Kiaael) 
501; C28, Discussuiri, 507 
('itOHJjv, 1. B. AND Lbonahdon, iO. (i.,* Elrctricnl 
Prospeciing Applied to Foundation 
Problems, T.P. 131. Abs., M28, 51)5 
(7rude petroleum: charaet<'risties of West 'I’exas 
oil, G27, 762 

economic significance of devc'loprncnfs in West 
Texas, G27, 751) 

liaiidliiig in Panhandle, 027, 261) 
transportation frorti West Texas fields, G27, 
764 

OunsK, \V, A.: Discussion on (Iradmte Coarsen in 
Petroleum lingince.ring, G27, 824 
Crushintf and Grinding (Round Tahi.h), B28, 202 
Crushing and Grinding, I.-— Surface. M ensure rntnl 
of Quarts Particles (<1uoh.s and 
ZiMMKiuniT), T.P, 46. Abs., M28, 2H 
Crushing and Grinding, II. — The. Relation of 
Mcasurisl Surface of Crushed Quart: 
to Sieve. Sizes (Guohh and 3Cim me a IiKo'), 
T.P. 126. Abs., M28, 465 
Crushing and Grinding, III,- - HJatton of Work 
Input to Surf nee. Pruditeed in (*rnc,h- 
im Quartz (ClaoHS and Zjmmkupkw, 
T.P. 127. Abs., M28,465 
C'ryHtalH; nlnminum, twinning <loul>tfub £28, 
13, Ifl; 76, 500, 565 

Crystals, antimony: lattiei* form, £28, 10; 76, f>fiO 
twinning, plane ami E28, 11); 70, 500 
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Crystals, beryllium; axial ratio, E28, 10, 445; 
76, 566 

lattice constants, E28, 445 
twinning after deformation, E28, 446 
twinning, plane and axis, E28, 19, 445; 76, 560 
Crystals, bismutn: lattice form, E28, 19; 76, 566 
twinning-plane and axis, E28, 19; 76, 566 
Crystals, brass, twinning, E28, S, 33, 429; 76, 
555, 5S0 

Crystals, cadmium: axial ratio, E28, 19, 445; 
76, 566 

lattice constants, E28, 445 
twinning after deformation, E28, 446 
twunning, plane and axis, E28, 19, 445; 76, 566 
Crystals, calcium, twinning, no data, E28, 16; 
76, 563 

Crystals, cerium, axial ratio, E28, 19; 76, 566 
twinning, £28, 16 ; 76, 563 
Crystals, ctiromium, twinning, no data, E28, 
18; 76, 565 

Crystals, cobalt: axial ratio, E28, 19; 76, 566 
twinning, E28, 16; 76, 563 
Crystals, copper: twinning, E28, 8, 20, 36, 429, 
439;76, 555, 567, 583. Abs.. M28, 77 
twinning, literature, E28, 429 
twinning, plane and axis, E28, 16; 76, 563 
Crystals, ferrite: Binfache Schiebung^ C28, 322 
goniometer method of study, E28, 453, 459 
Neumann bands, E28, II; 76, 558 
Neumann bands, evidence available, C28, 314 
Neumann bands, review of evidence, C28, 311 
twinning, characteristic features, C28, 315 
X*ray study of Neumann bands, C28, 324 
twin-boundary stability, E28, 459 
twinning, E28, 10, 453; 76, 557 
Crystals, germanium, lattice form, E28, 19; 76, 
566 

Crystals, gold, twinning, plane and axis, £28, 
16; 76, 563 

Crystals, hafnium, axial ratio, E28, 19; 76, 566 
Crystals, indium, lattice form, E28, 19; 76, 566 
twinning-plane, E28, 19; 76, 566 
Crystals, iridium, twinning, plane and axis, E28, 
16; 76, 563 

Crystals, iron: Neumann bands, E28, 11; 76, 
568 

twinning, E28, 10; 76, 567 
twinning and recrystallization in hammered 
iron, 76, 567, 580 

twinning, plane and axis (alpha), E28, 18; 
76, 565 

twinning, plane and axis (gamma), E28, 16; 
76, 563 

twinning and recirystallization in hammered 
iron, £28, 20, 33 

Crystals, lead: twinning, mode of occurrence, 
E28, 15; 76, 562 

twinning, plane and axis, E28, 16; 76, 663 
Crystals, lithium, twinning, no data, E28, 18; 
76. 565 

Crystals magnesium (see also Magnesium, etch- 
ing and microstructure): 
axial ratio, E28, 19, 445; 76, 566 
lattice, constants, £28, 445 
twinning after deformation, E28, 446 
twinning, plane and axis, E28, 19, 445; 76, 500 


Crystals, metallic: body-ccntcrcd cubic metals, 
76, 665 

Binfache Schiebung, C28, 322 
distortion at twin boundaries, 76, 587 
face-centered cubic metals, 76, 563 
goniometer method of study, E28, 453, 459 
hexagonal close-packed, 76, 566 
in wrought metals, 76, 567 
reerystallization in wrought metals, E28, 20; 
76, 687 

single, methods of production, E28, 307, 314 
single, translation striae and strain-harden- 
ing, cause, E28, 375 

slip in plastic deformation, E28, 46; 76, 593 
survey of subject, 76, 554 

twinning and slip in plastic deformation, E28, 
46. 53; 76, 693, 600 

twinning: Benedicks* method of determining, 
E28, 441 

body-centered cubic metals, E28, 18; C28, 
315 

can be proved without X-ray, E28, 460 
distortion at twin boundaries, E28, 40 
Binfache SchiehiLiig, C28, 322 
face-centered cubic metals, E28, 10 
hexagonal close-packed metals, E28, 19 
in wrought metals, E28, 20 
survey of subject, E28, 7 
Crystals, molybdenum, twinning, no data, E28, 
IS; 76, 565 

Crystals, nickel, twinning, mode of occurrence, 
E28, 15; 76, 562 

Crystals, osmium, axial ratio, £28, 19; 76, 506 
Crystals, palladium, tw'iiming, no data, £28, 16; 
76, 563 

Crystals, platinum, twinning, piano and axis, 
E28, 16; 76, 563 

Crystals, potassium, twinning, no data, E28, IS; 
76, 565 

Crystals, rhodium, twinning, no data, E28, 16; 
76, 563 

Crystals, ruthenium, axial ratio, E28, 10; 76, 560 
Crystals, silicon-ferrite, single; cold-worked: 
annealing effect, C28, 229, 243 
hardness tests, C28, 230 
hardness vs. hardness of annealed metal shown 
by scratch test, C28, 231, 247, 248 
** temper-hardening*’ not present, C28, 246 
Crystals, silver, twinning, plane and axis, E28, 16; 
76, 563 

Crystals, single, suitable hardness tests, C28, 230 
Crystals, sodium, twinning, no data, E28, 18; 76, 
565 

Crystals, steel, twinning, mode of occurrence, E28, 
10; 76, 557 

Crystals, tantalum, twinning, no data, E28, 18; 
76, 565 

Crystals, tolJuriuin, lattice form, E28, 19; 76, 566 
Crystals, thorium, twiiming, no data, £28, IG; 76, 
563 

Crystals, tin: (gray), lattice form, £28, 19; 76, 506 
twinning, mode of occurrence, £28, 13; 76, 560 
(white), lattice form, E28, 19; 76, 566 
(white), twinning, plane and axis, E28, 19; 76, 
566 

Crystals, titanium, axial ratio, £28, 19; 76, 500 
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Crystals, translation striae and translation 
strain-hardening, cause, E28, 375. 
Abs., M28, 79 

Crystals, tungsten, twinning, no data, E28, 18; 76, 
565 

Crystals, vanadium, twinning, plane and axis, 
E28, 18; 76, 565 

Crystals, zinc: axial ratio, E28,19, 269,445; 76, 56G 
condition during deformation, E28, 212 
lattice cons! ants, E28, 445 
plastic d(*fornjation, evidence of twinning, 
EaS, 269, 273, 276 

phistic deformation of polycrysiallinc strip. 
X-ray analysis, E28, 242, 246, 272, 276 
single, fracture, X-ray analysis, E28, 264 
single, plastic deformation, X-ray analysis, E28, 
253, 273, 276 

tw’i lining: and rccrystallization in rolled zinc, 
E28, 20. 21; 76, 507, 568 
after plastic deformation, E28, 241, 260, 272, 
273, 276 

liypothesis, E28, 250, 272, 276 
mode of occurrence, E28, 13; 76, 560 
plane and axis, E28, 19, 445; 76, 566 
Crystals, zirconium, axial ratio, E28, 19; 76, 566 
Cnproniolcel: fatigue and corroflion-fatiguc, E28, 

. 596 

Riuoi^thiug and etching, T.P. 137 
(hiprosilicou, effect on casting copper, T.P, 123 
CzochralKld method of making metallic single 
crystals, Ea8, 308, 3X4 

I) 

DALOKiY, O. E,: Discussions: on Reduction of 
Roasted Cassiterite Concentrates, 76, 
522 

on A iStudy of Certain Alloys of the Lead-'tin^ 
cadmium Hystcni with Reference to 
Their Use as l^oldtTS, E28, 362, 367 
on Wowe Peculiar Results in Hardness Tests of 
Lcad’-aihtimony Alloys, B28, 374 
on fyuyyestcd Tmprooemcfits for (:>tnclting Copper 
in the Reverberatory Furnace, 76, 462 
Dalzell, K. C.: Discussion on Application of a 
Jliffh-mcuum Xnduetion Furnace to the 
Study of Gases in Metals, E28, 569 
Dam foundation, electrical prosiiecting, T.P. 131 
Dammakn, a. See Kbil, O. 

Dauby, K. It.: Metal Recovery from Bronze 
Foundry Slags (T.P. 113), E28, 721; 
Discussion, 724, 725, Abs., M28, 193 
Discussions: on Contamination of Metal Scrap, 
E28, 719 

on Modern Non-ferrous Secondary McUd 
Proilmcr, E28, 700 

Davim, C. it,: Discussion on Physical Charaetttris- 
tics of Commercial Copper-sine AUoys, 
E28, 71 

DavX8, C. H. and Basbbtt, W. II.: Physical 
Characteristics of Commercial Copper- 
zinc AUoys (T.P. 26), £28, 55 
Davis, C. W. and Mhsbkb, L, R,; Some Properties 
of Certain Oil Refining Adsorbents 
(Fuller’s Earth and Acid Treated 
Eartlis Used in Treating Oils by the 
Contact Process), Abs., M38, 404 


Davis, L. Ij.: Underlying Principles of Contact 
Filtration, G27, 544; Discussion, 552, 
553 

Discussion on The Acid-sludge Problem in Oil 
Refining, G27, 564, 565 

Davis, T. C.: Discussion on Blast-furnace Opera- 
tions and Character of Pig Iron and 
Castings, C28, 317 

Dban, 11. S.: Discussions: on Gas Sorption in 
Flotation, B28, 225 

on Some Peculiar Residts in Hardness Tests of 
Lead-antimony AUoys, E28, 373, 374 
on Study of Certain Alloys of the Lead-tin- 
cadmium System with Reference to 
Their Use as Solders, E28, 366, 367 
on Ternary Systems of Lead-antimony and a 
Third Constituent, E28, 351 
Decline curves, oil well, loss ratio nicLhod of 
extrapolating, G27, 771 
Decolorizing lubricating oil: cost, G27, 551 
principles of contact filtration, G27, .541 
Deep-well Drilling Technique (Dikvbndoupp ani> 
ITeutbd), G27, 350; Discussion, 364 
Deep Well J*umping in California (Maiihii), T.P. 
143 

Definition , Present Status and Future of Flotation 
(CJaypoud), B28, 7 

Df. Floukz, Ij.: PhysicAil Control of Refinery Proc- 
esses, G27, 483; Discussion, 493 
Deformation of nu^tals. See Plastic l,>eformalion. 
DbGolyeu, E.: Discussions: on Advances in 
Refinery Technology during 1927, G27, 
399 

on the Trend of the Petroleum Situation, G27, 
734, 738 

Ddaying Recover Ut M28, (Ed.) 168 
DbLaBzlo, H. G.: Discussion on Quanlitatioe 
Spectrum Analysis, E28, 305 
DEDBitipOB, T. G,: Discussion on Sources of 
Automotive Fuels, G27, 031 
on Technological Control of Refinery Proccfisrs, 
G27, 524, 525 

on Underlying Principles of Contact Filtration, 
G27, 553 

Dbnihon, a, K,: Production in West Texas 
Permian Basin for 3027, 027, 6tH 
Dentistry: alloys and pre.e.iouH metals metal- 
lurgical jiroperties, T.P- 99. AI)h., 
)V128, 140 

Deposition of Ore. in Pre-existing lAmcstone Caves 
(Wax.bkiO, T.P. 154 
Deposite, ore. See Oro Deposits. 

Desmond, J. S., Midls, H. Van A, and CiiaijMKKK 
J.: Oil Recoocry Invcstigationa of the. 
Petroleum Jixperimmi Station of the. 
IL S. Bureau of Mines, T.P. 144. 
Abs., M2a, 454 

Desdopina the Engineering Mvid, M28, (Ed.) 2l)8 
Development of Sdertivo Flotation at Combined 
Metals Reduetion Cofs Plant <d Baot r, 
Utah (Evans), B28, 88 
DeVenny, T., hiograpliy, M28, 197 
Diamond, li, W.: Ore Concentration J^actwe of the 
Consolidated Mining Sindting Co. of 
Canada. Ltd., (T.P. 9), B28, 95; Dis- 
cussion, 104, 105, 106 
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Diamond, R. W.: Didcusaions: on Cotnpoaition of 
Mill Balia and LGtermination of 
Wearing Qualities^ B28, 208, 214 
on Flotation of Custom Lead-zinc-iron Ores, B28, 
87 

on Flotation Practice in the Cocur d'Alene District, 
B2S, 132 

on Forrester Cell Installation, B28, 201 
on Recent Flotntiofi Practice at Inspiration, 
Arizona, B28, 149 
Diasporc, mining, M28, 271 

Dietkich, W. F.: Clag Prospecting and Mining in 
California, 76, 413; M28, 410 
Dietz, C. and Whiteley, J. O.: Refining ayid 
Melting Some Platinum Metals (T.P. 
84), 76, 635. Abs., M28, 148 
Dievendorep, H. H. and Hertel, F. W.: Deep- 
well Drilling Technique, G27, 350 
DiffracLo motor. X-ray. Seo X-ray. 

Diffusion: definition of “force of diffusion,” E2S, 
393. 402, 403 

in niotals, columnarisation, E28, 392, 396, 399 
of motala: effect on grain growth, E28, 390 
in iron, grain growth, E28, 390, 396, 400, 402 
possibility of shrinking membrane, E28, 399 
work by Grubc in Germany, E28, 395 
Diffusion of Zinc into Copper (Hoyt), T.P. 128 
Dilatometor for determining critical points in 
wire, C28, 302 

Dilworth, J. B.: Valuation of Coal Properties 
(T.P. 27), 76, 215; Discussion, 233, 
234, 235 

Discussion on Requirements for Complete Face 
Mechanization in Cool Mining, 76, 271 
Dinnbndahl. Hee Zschokke. 

DTnvilliers, E. V., biography, M28, 157 
Dip Needle as a Geological Instrument (SteaRN), 
T.P, 151. Abs.. M28, 393 
Disintegrators. See Blast-furnace Gas Cleaning, 
Distillation Methods. See Pipe Still, Shell Still. 
Distribution of Tensile Strength in Hard Drawn 
Copper Wire (T.P. 93 — Harris), E28, 
518; Discussion, 536 

Dix, E. H., Jr.: Discussioti on Alpha Phase Bound- 
ary of the Copper-nickel-iin System, 
E28, 517 

Dix, E. H., Jk., and Heath, A. C., Jr.: Equili- 
brium Relatzons in Aluminum-silicon 
and Aluininum-ir on-silicon Alloys of 
High Purity (T.P. 30), E28, 164; 
Discussion, 196 

Dix, E. H. Jr. and Keith, W. D.: Discussion on 
Manganese in Non-Ferrous Alloys, 
E28, 502 

Dix, E. II. Jr. and Keller, F. Jr.: An Etching 
Reagcjit for Aluminum-Copper Alloys, 
M28, 327 

Doan, G. E.: Discussion on Interatomic Forces in 
Metals and Alloys, E28, 422 
Doherty Training School, purpose and operating 
method, G27, 813 

Dolomite: as blaat-furnaeo flux {see also 
Lim«*ston(0 : 

“available carbonate,” C28, 90 
impurities not always detrinuuital, C28, 95 
magnesia effect, C28, 92 


Dolomite: as flux in making zinc, C28, 100 
as lining for basic open-hearth, C28, 90 
for repairing basic open-hearth furnaces, C28, 
100 , 101 

metallurgical use, C28, 87. Abs., M28, 78 
use in slagging cupolas, C28, 101 
vs. magnesite as open-hearth flux, C28, 100, 10 1 
Donoqhue, W. B.: Discussion on Suggested 
Improvements for Smelting Copper in 
the Reverberatory Furnace, 76, 461 
Dovel, j. P.: Improvements in Blast-furnace Con- 
struction, C28, 30; Discussiifu, 31. 
Abs., M28, 80 

Downing, T. P. Jr.: Discussion on Requirements 
for Complete Face Mechanization in 
Coni Mining, 76, 269 
Drawing: monel metal, E28, 86 
nickel, E28, 86 
zinc, directions, E28, 98 

Dresser, C. G.: Discussions: on ForresUr Cell 
Installation, B28, 201 

on Recent Flotation Practice at Inspiration, 
Arizona, B28, 150 
Drill sharpener, M28, 621 
Drill steel, testing, M28, 263, 321 
Drill-steel forgo, M28, 478 

Drilling and blasting: examples from handbook by 
Marvin, 76, 124 

method used on St. Peter sandstone, Arkansas, 
76, 435, 440 

Drilling {see also Electric Drilling) : clay proHp(*e,t- 
ing in California, 76, 417 
controls, oil wells, T.P. 145 
deep, in North Louisiana and Arkansas in 1027, 
G27, 674 

deep-well t(»chni(i.ue, G27, 350 
equipment, improvements, G27, 16 
rotary, problems, T.P. 145 
standardization, G27, 17 
DtJCB, J. T.: Review of Petroleum Production in 
Countries Other than United States, 
Russia, Mexico, Venezuela, Colombia 
and Peru, 021, 702 

Dunkin, D. D.: Mining and Preparation of St. 

Peter Sandstone in Arkansas (T.P- 55) , 
76, 430, Abs., M28, 79 
Dunkin gold mines, Ontario, geology, 76, 373 
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Emulsions, oil-field, types, G27, 41 
Engineer: combustion, M28, 126 

contribution to modern lifts M28, 104 
duties, M28, 256 

petroleum, function, G27, 124, 1 25, 185 
Engineering Chemistry, M28, 474 (B.R.) 
Engineering Foundation Fund increaHOs, M£8, 17G 
Engineering Index, 1927, M28, 292 (B.R.) 

England: oil production, M28, 502 
steel manufacture, M28, 310 
Eotvos torsion balance: cartographic correction, 
T.P. 52. Abs., M28, 80 
computation of effects, T.P. 75. Abs., M28, 77 
experiments in Tri-State lead and zinc district, 
T.P. 65. Abs., M28, 78 
observations with, Abs., M28, 300 
surveying in Great Britain, T.P. 74 
EOtvbs Torsion Balance Method of Mappi?ig 
Geologic Structure (Barton), T.P. 
50. Abs., M28, 83 

Equilibrium Relations in Aluminum-silicon and 
Aluminum-iron-sUicon Alloys of High 
Purity (T.P. 30 — Dix and Heath) 
£28, 164; Discussion, 194 
Erosion of electrodes. See Electrical Contacts. 
Ebsbr, H.: Discussion on CritiedL Points in 
Chromium-iron Alloys, C28, 307 
Estabrook, E. L.: Discussion on Handling 
Engineering Graduates, G27, 805 
Etch figures in metals, development, M28, 415 
Etching brass, broiu^e, cupronickel and steel, 
T.P. 137. Abs., M28, 448 
Etching reagent for gold and silver alloys, £28, 
802 

Ettlinger, I. A.: Ore Deposits Support Hypothe- 
sis of a Central Arizona liatlndith, 
T.P. 63. Abs. M28, 77 

Eureka Metal Products Corp., cable clip, M28, 
423 

Europe: blnst-furnace practice, M28, 537 
manufacture of metals, M28, 483 
mining districts, M28, 23 
oil production in 1927, G27, 707 
Evans, C. Jr., Training on the Job, M28, 311 
Discussions: on The Air-Current Regulator, 
76, 150 

on Requirements for Complete Face Mechaniza- 
tion in Co(d Mining, 76, 265 



INDJ3X 


717 


I'>ANS, U. J. Jr.: Dcoclopmrnt of Selective Flota- 
tion at Combined Alctals Reduction 
Co.'s Plant at Haiicrt Utah, B28, SS 

Everubody Vote, M28, (Md.) 3 

Experiments with EOtvbs Torsion Balance in the 
Tri-State Zinc and Lead District 
(CliiOROK), T.P. 65 

TOxpl«xsi(>i»s: tioal mine, iiMrihiitt'd to' auxiliary 
fans, 76, 164 

mine's, pn’voniion, 76, 135 

lOxplosivos; Buroaii of Iilinos rocomiucnda por- 
niissiblo for coal luinc's, 76, 274 
for removal of parafUn frojn oil woll, G27, 256 
Kolatin dynamitos: effect of oxysou balance 
on RaHOous products of detonation, 
T.P. 102. Abs., M28, 151 
relation between oxyRcn balance and pro- 
pulsive strength, T.P, 101 
liquid oxygen at Chuquicamata, Chile, 76, 
108. Abs., M28, 80 

not rcconunendcd for removing paraftin from 
face of sand, G27, 244 

permissible: advantages in coal mines, 76, 274 
safety, 76, 2S8 

vs. Pellet Powder in coal mines, 28S 
topics from Marvin’s handbook on Drilling 
and BljiHiing, 76, 124 

I'Jxporta of petroleum pnxlucts from Unite<l 
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Ferric o.xi<Ui, transition at 678"‘(!., 76, 480 
I'N'rrite, cabuuin. Hee. Calcium Ferrif.<*. 

Ferrite, definition, 76, 487 
Ferrite, magnesium. AVc Magiu'siuni Ferrite. 
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alkalinity control, B28, 136, 147 
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Flotation ooiiconfratois; coppor, analyflcs, 76, 454 
coppor, BinlmnK, 76, 532 
load, sinierinK, 76, 528 
load, smoltinfc, 76, 527 
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zinc, RinoltinK, 76, 532 

Flotation Mechanismt a Discussion ofthcFunetions 
of Flotation Reaoents (T.P.4 — G addin), 
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